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PREFACE 


At  rare  intervals  into  the  systems  of  biological  research  come  concepts 
which  are  intriguing  to  the  scientific  mind.  These  concepts  are  frequently 
of  such  simplicity  as  to  cause  wonder  at  their  delayed  arrival.  Then,  on 
closer  examination,  it  is  seen  that  a  period  of  growth  extending  over  many 
years  led  to  the  ultimate  fully  formed  structure.  Such  a  concept  is  the  one 
of  structural  displacement,  which  rightly  has  been  called  "The  Rational 
Approach  to  Chemotherapy.”  i 

To  the  immunologists  goes  credit  for  the  first  recognition  of  the  value 
of  the  theory.  Ehrlich  applied  it  in  his  famed  "Lock  and  Key”  analogy. 
A  more  rewarding  and  stimulating  approach  to  immunology  had  not  been 
suggested  before  his  time  nor  has  one  been  recorded  since.  An  entire  world 
— the  world  of  the  antigen  and  antibody — grew  up  around  this  “Lock  and 
Key”  approach. 

Enzyme  chemists  soon  took  up  the  new  concept  and  developed  it  into  a 
fundamental  structure.  To  the  embarrassment  of  the  biochemist  and  phar¬ 
macologist  alike,  it  must  be  admitted  that  research  in  these  fields  failed 
to  recognize  the  merits  of  the  metabolite  analogue  approach  until  much 
later. 

The  renaissance  of  the  concept  came  with  the  work  of  Woods  in  England 
in  1940.  Its  popularity  grew  until  1947  when  many  early  enthusiasts  began 
to  abandon  the  cause.  The  concept  remains  a  storehouse  of  potential 
chemotherapeutic  and  pharmacological  agents. 

The  purpose  motivating  the  preparation  of  this  summary  of  knowledge 
in  the  field  of  displacement  is  a  belief  that  in  no  single  instance  of  specific 
displacement  has  a  thorough  job  been  done,  and  that  such  work,  properly 
undertaken,  will  lead  to  discoveries  of  chemotherapeutic  agents  of  great 
value  in  medical  science.  The  author  feels  that  a  reference  work  on  the 
subject  will  facilitate  the  entry  of  others  into  the  field  and  thus  aid  in  causing 
the  concept  to  be  formed  into  a  scientific  structure  of  great  practicality 

It  is  to  be  assumed  that  the  first  attempt  at  an  outline  of  a  concept  of  such 
great  scope  may  result  in  a  failure  to  cover  adequately  all  works  of  merit. 
Future  revisions  of  this  volume  are  contemplated  and  all  criticisms  and 
suggestions  will  be  gratefully  received. 

The  author  wishes  to  express  his  sincere  thanks  to  those  individuals 
whose  cooperative  spirit  lightened  the  burdens  associated  with  the  prepa- 
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ration  of  this  manuscript.  He  is  grateful  to  Drs.  Robert  Raffauf,  Werner 
Boehme,  and  J.  Morton  Beiler  for  the  time  they  spent  checking  technical 
accuracy.  Further,  acknowledgment  is  made  of  the  fine  work  done  by  Miss 
Doris  Testardi  and  Mrs.  Katherine  Delsordo  in  the  typing  and  proofreading 
of  the  book.  He  wishes  to  thank  Mrs.  Patricia  Martin  for  her  constant  help 
and  encouragement.  Finally,  he  is  deeply  indebted  to  Mr.  A.  B.  Collins 
for  his  sympathetic  understanding  and  support  of  this  work. 

Gustav  J.  Martin 

Philadelphia 
August  1951 
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Chapter  1 


ENZYMATIC  INHIBITION  BY  CHEMICALS 
STRUCTURALLY  RELATED  TO  THE 
NATURAL  SUBSTRATE 

1.  Specific  Action  of  Enzymes. 

2.  Kinetics  of  Enzyme  Action. 

3.  Kinetics  of  Enzyme  Inhibition. 

4.  Succinic  Dehydrogenase,  Lactic  Acid  Dehydrogenase. 

5.  Acetate  Metabolism;  Fluoroacetate  and  Related  Molecules. 

6.  Lipases,  Liver  Esterase,  and  Pancreatic  Lipase. 

7.  Urease. 

8.  Certain  Enzymes  Involved  in  Carbohydrate  Metabolism. 

9.  Miscellaneous. 

10.  Recapitulation. 

In  opening  a  review  of  metabolite  analogues  with  a  discussion  of 
enzymatic  inhibition  by  chemicals  structurally  related  to  the  natural  sub¬ 
strate,  the  purpose  is  to  cover  briefly  specificity  and  kinetics.  A  considera¬ 
tion  of  the  kinetics  of  enzymatic  inhibition  will  serve  to  focus  attention  on 
the  fact  that  the  subject  covers  competitive  and  noncompetitive  inhibitors, 
as  well  as  those  not  yet  classified. 

Many  of  the  displacing  agents  to  be  considered  later  in  this  book  function 
by  virtue  of  similarity  in  structure  to  substrate;  their  exclusion  from  this 
chapter  is  in  the  interests  of  organization  and  is  not  based  upon  any  distinc¬ 
tion  in  basic  mechanism. 

Specific  Action  of  Enzymes 

Enzymes  possess  absolute,  stereochemical,  and  relative  specificity.  As  an 
example,  carboxypeptidase  has  absolute  specificity  in  that  it  will  not  attack 
carbohydrates  or  fats;  stereochemical  specificity  in  that  it  will  not  hydrolyze 
synthetic  peptides  whose  terminal  amino  acids  are  of  the  D-configuration, 
although  the  corresponding  L-compounds  are  sensitive;  and  relative  speci¬ 
ficity  in  that  it  hydrolyzes  carbobenzoxyglycyl-/?-2-thienylalanine  at  only 
one-half  the  rate  for  the  benzene  relative.  The  study  of  metabolite  analogues 
is  based  upon  the  existence  of  a  high  degree  of  selectivity.  In  fact,  such 
study  is  also  an  approach  to  the  determination  of  the  degree  of  enzymatic 
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1  Enzymatic  Inhibition 

specificity.  Examples  of  enzymatic  selectivity  are  presented  in  the  textbook 
of  enzymology  by  Sumner  and  Somers  (1947). 


0 

Kinetics  of  Enzyme  Action 

The  inhibitory  power  of  any  given  antimetabolite  will  be  a  direct  func¬ 
tion  of  its  effect  on  the  rate  of  an  enzymatic  reaction.  Specifically,  potency 
will  be  a  function  of  the  capacity  of  a  chemical  to  reduce  the  available 
products  of  an  enzyme  mechanism.  It  must  be  kept  in  mind  that  no  enzyme 
is  “an  island  unto  itself”  and  therefore  the  in  vivo  activity  will  be  a  function 
of  the  inhibitory  action  and,  in  some  cases,  stimulatory  effect  of  a  com¬ 
pound  on  a  series  of  enzymes. 

The  law  of  mass  action  states  that  the  rate  of  a  chemical  reaction  is  pro¬ 
portional  to  the  active  masses  of  the  reacting  substances.  This  holds  for 
catalyzed  reactions.  The  rate  of  a  reaction  is  the  speed  at  which  the  concen¬ 
tration  of  any  given  reacting  molecule  is  changing  at  a  given  instant.  With 
enzymatic  reactions,  there  are  optimal  pH  and  temperature  values  which, 
unless  specified,  are  assumed  to  be  controlled  and  constant. 

The  speed  or  velocity  of  an  enzymatic  reaction  is  initially  constant,  then 
declines  progressively  with  time  due  to  the  exhaustion  of  substrate,  accumu¬ 
lation  of  end-products,  etc.  In  general,  in  all  considerations  of  antimetabo¬ 
lites,  we  are  concerned  with  this  initial  and  constant  reaction  rate. 

For  purposes  of  clarification,  it  seems  wise  to  review  the  mathematical 
formulations  for  the  kinetics  of  ordinary  reactions. 

First  order  reactions  are  those  in  which  the  rate  of  decomposition  is 
directly  proportional  to  concentration.  The  mathematical  expression  is: 


where  c  is  the  concentration  of  the  material,  k  is  a  proportionality  factor, 
and  —  dc/dt  is  the  rate  of  change.  This  equation  may  be  modified  as 
follows: 


k  = 


2.303  ,  a 

- log - 

t  a  —  x 


where  a  is  the  initial  concentration,  x  is  the  amount  reacting  in  time  t,  and 
a  —  x  is  the  concentration  remaining  after  time  t.  k  is  the  velocity  constant. 

Second  order  reactions  involve  two  molecules  and  depend  upon  collision 
frequency.  The  mathematical  expression  is: 


-i-  =  k(a  —  x)  (b  —  x) 
dt 

where  a  and  b  represent  initial  molar  concentrations,  x  denotes  amounts 
changed  in  time  t.  On  integration  of  the  equation,  taking  into  consideration 
that  x  =r  o  when  t  =  o,  and  that  x  =  x  when  t  =  t,  it  is  seen  that. 
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2.303  b(a-x) 

K_  t(a-b)  la(b-x) 

where  k  is  the  reaction  constant. 

The  mathematical  expression  of  a  zero  order  reaction  is: 

—  ^  =  k  =  rate  of  reaction 
dt 

Here  the  rate  of  reaction  is  constant  over  a  period  of  time. 

In  enzymatic  reactions,  another  factor — concentration  of  enzyme — is 
added.  Such  reactions  are  generally  of  zero  or  first  order;  however,  it  should 
be  kept  in  mind  that  the  order  of  an  enzymatic  reaction  may  change  as  it 
proceeds.  Enzymatic  reactions  of  zero  order  are  expressed  as: 


d  C, 
dt  = 


kCe 


where  Ca  is  the  concentration  of  the  reactant;  C(.  is  the  concentration  of  the 
enzyme. 

The  first  order  enzymatic  reaction  is  expressed  as: 


- =  kCaCe  =  reaction  rate 

and  if  Ce  is  constant  over  a  short  period  of  time,  the  reaction  has  the  char¬ 
acteristics  of  an  ordinary  first  order  reaction  and  can  be  written: 


kCe  =  K'  =  2^91  log—* - 

t  (a  —  x) 

a  and  x  have  same  significance  as  is  given  above. 

Another  form  of  this  equation  which  is  the  most  practical  for  purposes 
of  calculation  is: 


K'  = 


1.5  U3 
U  —  t, 


i  Ci 

ogc: 


where  C,  and  C2  are  substrate  concentrations  at  times  t,  and  t- 
Second  order  enzymatic  reactions  are  expressed  as: 

dC.,  __  dC„  _ 

dt  dt  kC^ttCb  —  rate  of  reaction 

c„,  C.„  and  C*  respectively  are  the  concentrations  at  time  t  of  enzvme  and 
the  reactants  a  and  b  of  the  second  order  reaction  y 

Zero  order  enzymatic  reactions  are  those  in  which  the  concentration  of 

of  rme 

is  the  reactant  in  this  tvoe  or  nr  \  f  enzyme"substrate  complex  which 

Plex  is  an  assumption  but  fn  u  °f  reactl0n’  The  enzyme-substrate  com^ 
dn  assumption  but  for  all  practical  purposes  seems  in  order. 
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Enzymatic  Inhibition 


First  order  reactions  vary  in  rate  as  the  substrate  concentration  decreases 
and  the  product  formed  increases  in  amount.  The  rate  will  slow  as  time 
progresses.  The  action  of  hydrolases  in  dilute  solution  is  a  good  example. 

Whether  or  not  second  order  enzymatic  reactions  occur  is  open  to  ques¬ 
tion.  If  they  do,  the  speed  varies  with  the  product  of  the  concentrations  of 
the  reactants. 

The  order  of  a  reaction  is  determined  by  plotting  graphically  different 
functions  of  concentration  of  reactant  against  time  and  determining  which 
one  gives  a  straight  line.  If  log  c  against  time  gives  a  straight  line  the  reac¬ 
tion  is  of  the  first  order,  which  means  that  the  time  taken  for  a  given 
fraction  to  react  is  independent  of  the  initial  concentration.  A  second  order 
reaction  would  give  a  straight  line  by  plotting  log  (a  —  x)/(b  —  x)  against 
time  or  when  the  initial  concentrations  of  the  reactants  are  equal,  by  plot¬ 
ting  1  /c  against  time.  In  a  zero  order  reaction,  plotting  c  directly  against 
time  would  give  a  straight  line,  indicating  a  constant  rate  of  reaction  over 
at  least  a  short  interval  of  time. 

As  the  order  of  enzymatic  reactions  may  shift,  it  is  advisable  from  a 
practical  standpoint  to  consider  only  the  initial  rate.  At  this  stage,  concen¬ 
trations  of  reactants  and  enzyme  are  more  stable  and  the  reverse  phase 
which  is  a  characteristic  of  most  enzymatic  reactions  has  not  yet  come  to 
play  a  significant  part.  Enzyme  concentrations  in  these  mathematical  formu¬ 
lations  are  expressed  in  terms  of  their  activity. 

Neurath  and  Schwert  (1950)  have  presented  an  analysis  based  on 
kinetics  of  inhibitor  action  which  considers  the  concentration  of  the 
enzyme-substrate  complex  and  therefore  differs  slightly  from  the  equations 
presented  above.  The  formulation  for  enzymatic  action  represents  an  exten¬ 
sion  of  the  concepts  of  Michaelis  and  Menten  (1913)  and  is  expressed  as 
follows: 


ki  k3 

E  +  S^±(ES)  -*E  +  P 
k2 


E  =  free  enzyme.  S  =  free  substrate.  ES  =  enzyme-substrate  complex. 
P  =  reaction  products.  k1#  k2,  and  k3  =  rate  constants. 


The  rate  of  the  overall  reaction  is  represented  as: 


d(p  +  a)  /dt  =  -  k3p 

where  p  and  a  represent  concentrations  of  enzyme-substrate  complex  and 
free  substrate.  For  a  zero  order  reaction  this  reduces  to  a  modified  form  e 
equation  for  the  zero  order  enzymatic  reaction  given  above,  name  y. 

—  da/dt  =  k3p 

In  other  words,  the  rate  is  proportional  to  the  concentration  of  the  enzyme- 
substrate  complex.  In  the  system  under  consideration,  t  e  concen  r 
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the  enzyme-substrate  is  constant  which  leads  to  the  mathematical  formula¬ 
tion  : 

k2  +  k3_  (e  —  p)a  (E)  (S)  _  v 
k,  “  p  (ES)  ~Km 

From  this  equation  it  is  possible  to  derive  an  expression  for  reaction 
velocity  in  terms  of  enzyme  and  substrate  concentrations: 


v  = 


—  da/dt  = 


k3ae 
K-m  -f-  a 


Still  another  mode  of  presentation  of  velocity  rate  is  that  in  which  all  of 
the  enzyme  is  bound  in  an  enzyme-substrate  complex.  This  then  represents 
a  maximum  velocity,  Vmai,  and  the  equation  becomes: 


v  = 


Vina x  a 


Km  -f-  a 

A  linear  relation  between  v  and  a  is  obtained  from  the  equation: 

Kr 


1 

v 


- -  (—)  4-  * 

V  '  '  V 

v  max  &  V  niax 


Kinetics  of  Enzyme  Inhibition 

For  presentation  purposes,  Neurath  and  Schwert  (1950)  presented  a 
mathematical  kinetic  representation  of  the  inhibition  of  proteolytic  reac¬ 
tions.  For  the  competitive  type  of  inhibition,  it  is  assumed  that  both  inhibi¬ 
tor  and  nutnhte  compete  for  the  same  reaction  site  on  an  enzyme  surface 
1  his  can  be  represented  as  follows: 


E  +  S<z±ES->E  +  P 
E  +  I  <=±  El 


I  and  El  indicate  inhibitor  and 
The  degree  of  inhibition  depends 
be  expressed  as: 


enzyme-inhibitor  complex  concentration 
on  the  concentrations  of  ES  and  I  and  can 


Vi 


v 

v  max 


-  + 


l  + 


tu 

Kj 


V 

v  max 


v,  initial  velocity  in  the  presence  of  the  inhibitor 

iV^Si-Sr*  complex. 

The  noncompetitive  type  of  inhibition  assumes  reaction  of  •  u  u- 

catalytically  inactive  sites  on  the  enzyme  surface  n„T  '  '‘°r  W“h 

lows:  y  sun  ace  and  is  expressed  as  fol- 

ES  -f  I  (ESI)  inactive 
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and  mathematically  as: 


V1 


max 


Vi 


maximum  velocity  in  the  presence  of  an  inhibitor. 


There  are  instances  in  which  the  action  of  an  inhibitor  may  be  non¬ 
competitive  at  one  concentration  and  become  competitive  as  the  concen¬ 
tration  increases  and  the  inhibitor  begins  to  be  bound  at  the  catalytically 
active  enzyme  surface  site. 

Hunter  and  Downs  (1945)  presented  a  mathematical  expression  of  the 
kinetics  of  inhibitors  which  assumed  a  negligible  fraction  of  total  inhibitor 
present  combined  with  enzyme.  For  a  noncompetitive  system,  the  formula¬ 
tion  was: 


I 


a 

1  —  a 


K, 


Kt  =  dissociation  constant  of  enzyme  inhibitor  complex. 
I  =  concentration  of  inhibitor, 
a  =  fractional  activity  of  enzyme. 


This  equation  shows  that  with  given  enzyme  and  inhibitor  concentra¬ 
tions,  the  fractional  activity  is  constant  and  independent  of  substrate 
concentration.  The  controlling  factor  is  the  degree  of  dissociation  of  the 
enzyme-inhibitor  complex. 

For  competitive  inhibition,  the  Hunter  and  Downs  equation  is: 


I  • 


Ki  -)- 


K, 

Ks 


•  S 


S  =  substrate  concentration. 

Ks  =  dissociation  constant  of  enzyme-substrate  complex. 

The  equation  shows  that  the  extent  of  inhibition  is  proportional  to  the 
relative  values  of  the  dissociation  constants  of  the  enzyme-inhibitor  and 
enzyme-substrate  complexes  and  to  inhibitor  and  substrate  concentrations. 
The  effectiveness  of  a  given  competitive  inhibitor  depends  upon  its  concen¬ 
tration  and  relative  affinity  for  the  enzyme  as  compared  to  the  substrate. 


Succinic  Dehydrogenase,  Lactic  Acid  Dehydrogenase 

Succinic  dehydrogenase  is  one  of  a  group  of  enzymes  possessing  the 
ability  to  reduce  cytochrome  C.  Recent  evidence  indicates  that  this  might 
not  be  a  direct  mechanism.  The  enzyme  converts  succinic  acid  to  fumaric 
acid  provided  a  hydrogen  acceptor  is  present.  Under  aerobic  conditions  t  e 
hydrogen  goes  to  oxygen  by  the  action  of  cytochrome-cytochrome-oxidase. 


Succinic  Dehydrogenase,  Lactic  Acid  Dehydrogenase 


COOH 

I 

CHo 

I 

ch2 


HC— COOH 


<-  HOOC — CH 


+2H 


COOH 


Succinic  acid  Fumaric  acid 
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This  transformation  is  part  of  the  tricarboxylic  acid  (Krebs)  cycle  in 
which  oxalacetic  acid  condenses  with  acetic  acid  in  a  chain  of  reactions 
which  eventually  give  rise  to  a-ketoglutaric  acid  and  carbon  dioxide.  a-Keto- 
glutaric  acid  is  then  decarboxylated  to  succinic  acid  and  it  is  at  this  point 
that  succinic  dehydrogenase  functions  in  bringing  about  the  next  step  to 
fumaric  acid.  The  final  phase  is  regeneration  of  oxalacetic  acid  which  par¬ 
takes  in  another  cycle. 

Quastel  and  Wooldridge  (1928)  first  studied  the  inhibition  of  succinic 
dehydrogenase  by  substrates  structurally  related  to  succinic  acid.  Malonic 


acid,  which  is  the  lower  homologue  of  succinic  acid,  blocked  the  action  of 
the  enzyme  by  preventing  access  of  succinic  acid  to  the  reaction  site.,  The 
mechanism  was  that  of  purely  competitive  inhibition  as  demonstrated  by 
Hopkins  et  al.  (1938)  who  found  that  adequate  succinic  acid  completely 
overcame  the  antimetabolite  action.  In  addition  to  malonic  acid,  Quastel 

and  Wooldridge  found  an  entire  series  of  carboxylic  acids  to  be  effective 
inhibitors  (Fig.  1). 

In  the  inhibition  of  succinic  dehydrogenase  by  malonic  acid,  the  affinity 
of  antimetabolite  and  enzyme  is  so  great  that  the  inhibitor/substrate  ratio 
for  50  per  cent  inhibition  is  1/50  (Potter  and  DuBois,  1943).  This  is  an 

exceptional  case  and  represents  one  of  the  few  instances  in  which  K,  is 
lower  than  Ks. 

Krebs  and  his  coworkers  (1937,  1940,  1940a,  1940b)  used  malonic 
acid  as  an  important  tool  in  establishing  the  citric  acid  cycle.  They  found 
at  fumaric  acid  removes  the  malonate  inhibition  of  pyruvate  oxidation- 
succinic  acid  accumulated  under  the  conditions  of  the  experiment  Again’ 
in  the  presence  of  malonic  acid,  they  found  that  fumaric  disappears  and 
succinic  accumulates  even  if  no  pyruvate  is  added 

Other  compounds  known  to  inhibit  succinic  acid  dehydrogenase  are- 

Franke  0  944)°fot!nd^lm  the '-ilk  sJJCC*n*c.’  malonic  acid  derivatives, 

dehydrogenase.  The  alkyl  suceinie  acids  from  thfoctld  “t  teTj*  T™ 
pounds  were  inhibitors;  the  alkyl  malic  acids  were  not  n  C°m~ 

seem  that  the  carbon  alky,  acids  of  this  type  are  either  mactlve  orTak 
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HO3S — CHo — CH2 — COOH  HO3S— CH2— CHo— SO3H 

/3-Sulfopropionic  acid  1,2-Ethanedisulfonic  acid 

Fig.  1.  Metabolite  antagonists  of  succinic  acid. 


inhibitors.  The  sulfonic  acid  analogues  of  succinic  acid— /?-sulfopropiomc 
acid  and  1 ,2-ethanedisulfonic  acid— are  both  effective  antimetabolites  with 
a  potency  roughly  equivalent  to  that  of  malonic  acid  (Klotz  and  Tietze, 
1947).  The  competitive  or  noncompetitive  nature  of  the  action  was  not 
determined  but  it  seems  probable  that  as  with  so  many  other  sulfonic  acid 


analogues  the  activity  would  be  nonspecific. 

Recently,  Pardee  and  Potter  (1949)  discovered  the  blockage  of  oxalace- 
tate  oxidation  by  malonate,  a  phenomenon  partially  dependent  upon  the 
concentration  of  magnesium  ions.  The  formation  of  a  complex  of  malonate 
with  free  and  bound  magnesium  was  offered  in  explanation  of  the  findings. 
This  would  probably  be  a  chelation  mechanism,  which  seems  to  assume 
more  and  more  importance  in  biological  relativity.  They  do  not  imply  tiat 
magnesium  chelation  (complex  formation)  underlies  the  entire  blockage 

process  but  they  do  regard  it  as  an  important  factor. 

Again,  the  succinoxidase  system  has  been  employed  by  Ackermann  and 
Potter  (1949)  to  extend  the  differential  metabolite  requirement  theory 
(Martin,  1944)  to  the  equivalent  of  a  differential  enzyme  concentration- 

inhibitor  concept.  This  basic  idea,  a  manifestation  of  the  b'°'°S'ca^  rcla' 
tivity  theory,  proposes  that  the  effect  of  a  given  inhibitor  in  vivo  will  be 
greatest  for  the  tissue  containing  the  inhibited  enzyme  in  the  lowes ;  con¬ 
centration.  Ackermann  and  Potter  use  as  an  example  of  the  application 


Succinic  Dehydrogenase,  Lactic  Acid  Dehydrogenase 


this  concept  the  production  of  alloxan  diabetes  (see  purine  and  pyrimidine 
section,  p.  382).  They  point  out  that  alloxan  is  a  general  sulfhydryl  in¬ 
hibitor  and  that  selective  action  against  the  insulin-producing  cells  is  there¬ 
fore  unlikely.  The  only  logical  alternative  would  be  that  these  cells  are  more 
vulnerable  because  quantitatively  they  lack  a  vital  enzyme,  plentiful  in 
other  tissues. 

The  main  point  made  in  their  presentation  is  that  the  so-called  irreversi¬ 
ble  enzyme  inhibitors,  such  as  copper  in  the  case  of  succinic  dehydrogenase, 
exert  their  action  in  proportion  to  the  concentration  of  the  enzyme.  In  a 
complex  in  vivo  system,  the  effect  of  the  irreversible  inhibitors  will  be  a 
function  not  only  of  the  enzyme  concentration  but  also  of  the  concentration 
of  other  substances  which  will  combine  with  the  inhibitor.  This  is  the  basis 
of  the  observed  reversal  of  the  action  of  copper  on  succinoxidase  by 
glutathione. 


There  have  been  many  other  studies  of  succinic  acid  analogues  and 
comparatively  few  of  them  can  be  discussed  in  the  interests  of  brevity,  but 
there  is  one — namely,  trans-1 ,2-cyclopentanedicarboxylic  acid — which 
brings  into  consideration  another  factor  in  the  study  of  displacement.  Sea¬ 
man  and  Houlihan  (1950)  have  reported  that  this  compound  increases  the 
permeability  of  the  membrane  of  Tetrahymena  geleii  to  succinate.  Nor¬ 
mally,  the  membrane  is  impermeable  to  succinic  acid.  The  in  vivo  action 


of  this  molecule,  in  itself  an  inhibitor  of  the  oxidation  of  succinate,  should 
differ  materially  from  that  of  a  compound  capable  of  inhibiting  in  vitro  but 
without  a  similar  action  on  permeability.  The  alteration  of  membrane 
permeability  by  metabolite  analogues  may  well  be  a  function  of  their  in¬ 
hibitory  capacity  or  it  might  be  dissociated  therefrom.  Research  alone  these 
lines  offers  hope  for  discoveries  in  the  field  of  membrane  permeability 
Another  study  of  general  importance  bearing  on  this  subject  is  that  of 
Schulman  and  Armstrong  (1949,  1949a).  They  tested  a  series  of  com¬ 
pounds  of  the  type  X(CH2)nY  for  activating  or  inhibiting  power  in  the 
decolonzation  of  methylene  blue  by  yeast  cells  or  by  succinic  dehydro- 

Sws  CnZyme’  the  °rder  °f  decreasinS  inhibi*ory  power  is  as 

X,Y;—  CH(NH2),— NH+;  H,  CH(NH2)NH+;  H,  NH,+;  H  SO,=-  H 
C03=;  H,  NMe3+;  H,  SO,—;  H,  bile  salt.  *  ’  ’ 

The  same  compounds  activated  the  yeast  cell  svstems  anH  tv.o 

Slta  H,he increascd 

“e  Here’  aSam’  'he  faCt°r  0t  m-b-"e  Permeability  plays  a 


These  investigators  (Schulman  and  Armstrong  ldao.t  ,  ,  .  , 

consideration  of  the  permeabilitv  .  8’  1949a)  extended  their 

with  one  long  substituted  chain  in  a  ‘series  11 
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and  half  esters  activate  the  decolonization  of  methylene  blue  by  yeast  cells. 

Finally,  the  noncompetitive  inhibition  of  succinic  dehydrogenase  by 
mononucleotides  (Zittle,  1946)  appears  to  confuse  the  picture  until  it  is 
viewed  in  the  light  of  the  energy  transfer  of  the  dehydrogenase  mechanism 
to  high  potential  phosphate  bonds  such  as  those  of  adenosine  triphosphate, 
phosphocreatine,  and  enol  phosphate  (Colowick  et  al.,  1941).  This  cross 
link  on  an  enzymatic  system  may  represent  another  type  of  inhibition,  in 
that  the  mononucleotide  competitively  inhibits  a  system  which  receives 
energy  from  the  dehydrogenase;  blocking  this  energy  transfer  retards  the 
dehydrogenase. 

Coincident  with  their  work  on  succinic  dehydrogenase,  Quastel  and 
Wooldridge  (1928)  studied  the  inhibition  of  the  dehydrogenation  of 
lactate  to  pyruvate  (lactic  acid  dehydrogenase)  and  found  that  the  reaction 
was  blocked  by  an  entire  series  of  molecules,  including  a-hydroxybutyric, 
glyceric,  mandelic,  glyoxylic,  and  oxalic  acids.  Malonic  acid  was  subse¬ 
quently  found  to  exert  a  similar  action  (Das,  1937). 


Acetate  Metabolism;  Fluoroacetate  and  Related  Molecules 


One  of  the  first  things  that  comes  to  mind  in  a  consideration  of  fluoroace¬ 
tate  is  the  biological  activity  of  its  relative,  iodoacetate.  Iodoacetate  is 
known  to  inactivate  or  inhibit  choline  acetylase  (Nachmansohn  and  Ma¬ 
chado,  1943),  papain  (Fruton  and  Bergmann,  1940),  yeast  alcohol  dehy¬ 
drogenase  (Dixon,  1937),  isocitric  dehydrogenase,  enolase  (Meyerhof  and 
Kiessling,  1935),  1 ,3-diphosphoglyceric  aldehyde  dehydrogenase  (Adler 
et  al.,  1938),  and  aldehyde  mutase  (Dixon,  1938-39).  Its  function  seems 
to  be’that  of  reacting  with  sulfhydryl  groups  of  the  enzyme  protein,  causing 
inactivation.  Its  effect  is  therefore  nonspecific  and  it  will  block  any  enzyme 
requiring  intact  — SH  for  activity.  This  is  mentioned  to  emphasize  the  fact 
that  there  is  no  biochemical,  physiological,  or  pharmacological  similarity 


between  iodoacetate  and  fluoroacetate  action. 

Attention  should  be  directed  to  the  basic  mechanism  of  action  of 
fluoroacetate,  which  is  that  of  interference  with  acetate  metabolism  by 
prevention  of  the  formation  of  an  “active”  acetate  (Bartlett  and  Barron, 
1947)  Furthermore,  fluoroacetate  has  been  isolated  from  the  South  ri- 
can  plant,  Dichapetalum  cymosum,  by  Marias  (1944).  The  plant,  which 
was  known  locally  as  “Gifblaar,”  had  long  been  recognized  as  toxic  to 
livestock.  This  is  another  example  of  a  “synthetic”  antimetabo  ite  w  ic 

is  also  found  in  nature.  .  .  .  n  „„„ 

The  studies  that  have  established  the  displacer  activity  of  ntonofluoro- 

acetate  are  too  numerous  to  be  reviewed  here.  An  excellent  and  detailed 
summary  of  this  information  is  contained  in  an  article  by  Chenowe 
(1949).  It  is  indicated,  however,  that  some  of  the  backgroun  wor 


considered. 


Acetate  Metabolism;  Fluoroacetate  and  Related  Molecules 


Many  test  systems  have  been  used  in  studies  of  fluoroacetate.  One  of 
these,  which  is  pharmacologically  significant  in  addition  to  being  a  reflec¬ 
tion  of  basic  mechanism,  involves  the  use  of  intestinal  smooth  muscle. 
Weeks  et  al.  (1950)  found  that  both  sodium  dehydroacetate  and  fluoro¬ 
acetate  interfere  with  the  maintenance  of  spontaneous  contractility  in 
intestinal  strips.  The  toxic  effect  of  both  displacers  was  counteracted  by 
glucose  and  sodium  acetate.  Similar  findings  were  simultaneously  reported 
by  Farah  et  al.  (1950).  Pyruvate  and  some  of  the  even  numbered  carbon 
fatty  acids,  as  well  as  acetate,  were  able  to  sustain  contractions  in  the 
normal  muscle  but  failed  when  sodium  fluoroacetate  was  added.  There  was 
a  quantitative  relationship  between  the  concentrations  of  sodium  acetate 
and  fluoroacetate  which  would  produce  a  certain  degree  of  inhibition,  a 
fact  which  was  interpreted  to  indicate  competitive  mutual  antagonism. 
Another  facet  of  their  observations  concerned  the  fluoroacetate  sensitive 


and  resistant  contractions.  The  proposed  explanation  was  that  two  path¬ 
ways  of  energy  supply  for  contraction  exist;  the  sensitive  reaction  via 


pyruvate  and  acetate,  the  other  via  a  pathway  involving  neither  the  Krebs 
cycle  nor  the  cytochrome  system.  It  seems  probable  that  maintenance  of 
contractility  might  be  effected  through  the  addition  to  the  system  of  phos- 
phocreatine  or  adenosine  triphosphate  as  Colowick  et  al.  (1949)  have 
demonstrated  a  failure  of  oxidative  resynthesis  of  phosphocreatine  by  fro<* 
muscle  poisoned  by  methyl  fluoroacetate. 


In  the  isolated  heart,  similar  effects  of  fluoroacetate  are  noted.  Either 
acetate  or  glucose  in  the  perfusate  will  maintain  contraction  and  protect 
the  rabbit  and  monkey  heart  against  fluoroacetate  (Chenoweth,  1949) 
The  molar  ratio  tor  protection  was  approximately  unity.  Pyruvate  is  less 
ffective  than  acetate  as  a  biochemical  antidote  for  fluoroacetate  (Braun- 
Menendez  et  al.,  1939).  1 


pymvate^and  °f  ^  "erVe  is  Preserved  by  the  formation  of 

pyruvate  and  its  subsequent  aerobic  metabolism.  Methylfluoroacetate 

(Shane:he,9e4T7n°af  ***?  °f 

acetate  is  not  °n  Prev“ted  h>'  sodium  pyruvate.  Sodium  fluoro- 

1949)  S  n0t  aC“Ve  m  lsolated  tr°S  brain  preparations  (Brooks  et  al.. 


two  carbon  moieties  particular^  „i„  ,  d  the  effecti™iess  of  other 

1949a).  ’  pjr,lcular|y  S'ycerol  monoacetate  (Chenoweth  et  al., 

•hat  the  basic  aX'oTflutoac"’  eTsenU^^ 
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first  such  study  was  that  of  Bartlett  and  Barron  (1947)  who  found  that 
fluoroacetate  had  no  effect  on  sulfhydryl  enzymes.  In  the  presence  of  the 
compound  in  an  isolated  tissue,  acetate  accumulated  in  the  presence  of 
pyruvic  acid,  the  oxidation  of  fatty  acids  and  the  formation  of  acetoacetic 
acid  was  blocked,  and  carbohydrate  synthesis  from  acetate  or  pyruvate  was 
stopped.  Acetylation  reactions  were  not  prevented  when  sulfanilamide, 
p-aminobenzoic  acid,  and  choline  were  substrates.  This  is  an  important 
example  of  the  selectivity  of  antimetabolites  in  the  blockage  of  one  channel 
of  substrate  metabolism  with  no  effect  on  another.  In  1948,  Kalnitsky  and 
Barron  published  the  results  of  their  extended  studies.  Using  fresh  rabbit 
kidney  homogenates,  they  observed  the  inhibition  by  fluoroacetate  and 
fluorobutyrate  of  the  oxidation  of  caproic,  acetic,  butyric,  pyruvic 
a-ketovaleric  and  a-ketocaproic  acids,  and  glucose.  Ethyl  alcohol  released 
the  fluoroacetate  inhibition  of  acetic  acid  oxidation. 

Again,  with  microorganisms,  fluoroacetate  completely  inhibits  the  oxi¬ 
dation  of  yeast  (Kalnitsky  and  Barron,  1947).  If  the  acetate  is  added  be¬ 
fore  the  inhibitor,  there  is  no  blockage.  This  is  clear  evidence  supporting 
the  competitive  nature  of  the  phenomenon.  Neither  the  other  halogen 
acetates  nor  trifluoroacetate  had  this  activity.  The  inhibition  occurs  in  the 
first  step  of  acetate  metabolism,  as  shown  by  inhibition  of  citric  acid  syn¬ 
thesis  from  acetate  and  the  accumulation  of  acetate  during  the  oxidation 
of  glucose  or  ethanol.  Black  and  Hutchens  (1948)  have  studied  the  time 
element  in  the  fluoroacetate-acetate  system.  If  the  inhibitor  was  added  to 
yeast  25-30  minutes  before  the  acetate,  no  significant  oxygen  uptake 
occurred  until  an  extended  induction  period  (approx.  3  hrs.)  had  elapsed. 


During  this  period,  the  addition  to  the  system  of  ethanol,  acetaldehyde, 
succinate,  and  succinic  semialdehyde  catalyzed  the  oxidation. 

An  observation  such  as  that  of  Fitzgerald  et  al.  (1949)  on  the  inhibition 
by  iodoacetate  and  fluoroacetate  of  the  adaptive  enzyme  formation  in 
Mycobacterium  lacticola  probably  represents  a  nonspecific  phenomenon, 
not  associated  with  direct  competitive  displacement  of  acetate. 

In  addition  to  the  nonspecific  physiological  activity,  it  is  logical  to  expect 
certain  related  molecules  to  act  by  conversion  to  fluoroacetate.  This  is  the 
case  with  fluoroethanol  (Bartlett,  1949),  which  functions  entirely  by  virtue 
of  oxidation  to  the  corresponding  acid  and  in  itself  possesses  no  activity. 
In  fact,  Saunders  (1947)  concluded  from  the  study  of  the  toxicity  of  a 
series  of  homologous  compounds  of  the  type  F(CHo)nCOOR  that  on  y 
those  members  were  toxic  which  could  give  rise  to  fluoroacetate  by  p- oxi- 


^The  pharmacological  and  toxicological  characteristics  of  monofluoro- 
acetate  have  been  reviewed  in  detail  by  Chenoweth  (1949)  an  it  is  c  ear 
that  certain  information  presented  in  his  review  correlates  wit  t  e  ypo  e 
sis  of  Ackermann  and  Potter  (1949)  that  any  given  antimetabolite  will 


Lipases,  Liver  Esterase,  and  Pancreatic  Lipase 
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function  as  a  toxic  agent  in  a  specified  system  in  accordance  with  the  rela¬ 
tive  importance  of  the  affected  enzyme  to  that  system.  The  toxicity  of 
fluoroacetate  varies  with  species  from  an  LDr,0  of  0.06  mg./kg.  in  the  dog 
to  over  500  mg./kg.  in  a  species  of  toad.  Here,  the  experimental  findings 
would  indicate  that  the  enzymatic  mechanisms  blocked  by  fluoroacetate 
were  roughly  10,000  times  more  important  to  the  dog  than  to  the  toad,  a 
good  working  example  of  the  theory  of  biological  relativity.  Again,  the 
major  point  of  attack  on  specific  tissues  varies;  it  may  be  the  central  nervous 
system,  the  heart,  or  both.  The  organ  or  tissue  affected  is  that  one  to  which 
the  blocked  enzymatic  reactions  are  the  most  vital — the  tissue  containing 
the  lowest  concentration  of  the  inhibited  enzyme.  It  is  interesting  to  specu¬ 
late  on  the  reason  for  cardiac  manifestations  in  herbivorous  animals,  and 
central  nervous  system  effects  in  carnivores. 


Lipases,  Liver  Esterase,  and  Pancreatic  Lipase 

The  lipases  are  a  subgroup  in  the  general  classification,  esterases.  All 
esterases  catalyze  the  reversible  reaction: 

R  — °— °C— R  +  H-.O  i=t  R'OH  +  R— COOH 

Es*er  Alcohol  Acid 

w/n/Tral?  °!'ipr  has  been  the  subject  of  study  Weinstein  and 
S  H  9/~36  ,Wh0  f°Und  lhat  Ihe  initial  rates  of  hydrolysis  of  some 
,  'T  Ve,  ‘  6  foMow,nS  order:  tripropionin  >  tributyrin  >  tricaproin 

live^  eT  m  i'ie  11,6  pancreatic  nPases  wi"  hydrolyze  simple 

ethvl  h  ,  terase  18  relatlve|y  sPecific  for  these  molecules,  especially 
ethyl  butyrate.  L.ver  esterase  will  act  on  fats,  but  very  slowly 

Murray  and  King  (1930)  first  investigated  the  relative  affinities  of  pairs 

timesnmme^™er^lly"*than3,thelyDCfrb'n°'  ^I'^^hoep'^ver'este^'rse6"-^ 

Of  similar  selectivity  by  rabbi,  liver  estera*  Tn'ct  “  ""  ** 

and  UeveLt  “teB  by  led  Bamann 

-re  rapidly  the  n-coUonent  in  a  o.  n"  Tr  ^ 

When  the  optically  active  forms  wer>  udelic  acid  ester  composition. 

^component  was  more  susceptible  to  th^f  SCpafately  as  substrates,  the 

cation  of  this  work  is  tha^e  n  c  mle"  in  t  ^  ^ ^ 

esterase  action  on  the  L-isomer  and  !  P  6  mix,ure  inhibited  the 

The  relationship  between  Ttructure  of  i  n  ™?1  hydrolysis- 

Structure  of  ahphattc  alcohols  and  their  inhibi- 
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tory  activity  against  liver  esterase  was  investigated  by  Glick  and  King 
(1931)  who  found  that  the  effect  of  normal  primary  alcohols  increases 
rapidly  as  the  hydrocarbon  chain  lengthens.  Among  the  seven  isomers  of 
amyl  alcohol,  the  inhibitory  effects  decrease  as  the  steric  hindrance  about 
the  hydroxyl  group  increases.  Kernot  and  Hills  (1933)  confirmed  the 
essential  feature  of  this  work. 

As  might  be  expected,  certain  fatty  acids  were  also  inhibitory  to  the 
action  of  liver  esterase  (Weber  and  King,  1935).  With  increasing  chain 
length,  the  inhibitory  power  of  the  salts  of  the  normal  fatty  acids  increased 
for  liver  esterase  up  to  sodium  laurate  and  then  decreased  and  finally 
vanished  with  palmitic  and  stearic  acid  salts.  In  general,  the  inhibitory 
power  of  the  soaps  was  much  less  than  that  of  the  corresponding  alcohols. 
Unsaturation  tended  to  increase  antimetabolite  potency.  The  activity  of 
ortho-substituted  benzoic  acids  suggests  a  lack  of  specificity  in  this  system. 
It  may  be  that  any  carboxyl  substituted  unit  in  which  steric  hindrance  is 
not  a  factor  would  possess  a  degree  of  displacer  power. 


Urease 

The  enzyme  urease  shows  extreme  specificity.  It  attacks  only  one  com¬ 
pound,  urea,  producing  ammonium  carbamate.  The  sulfhydryl  groups  make 
this  enzyme  susceptible  to  inactivation  by  the  ions  of  heavy  metals:  silver, 
mercury,  copper,  cadmium,  and  lead.  Inhibition  of  this  type  is  nonspecific 
but  represents  a  manifestation  of  displacement  in  the  broadest  sense. 

Few  studies  have  been  made  of  specific  inhibition  of  urease  and  none 
has  been  sufficiently  detailed  to  permit  delineation  of  basic  displacemen 
type.  Takeuchi  (1933)  reported  inhibitory  activity  displayed  by  arginine 
and  histidine.  These  might  therefore  be  classified  as  naturally  occurring 
inhibitors.  In  addition,  he  found  a  series  of  urea  derivatives  which  prevented 

the  action  of  urease.  ,  . ,  . , 

Acid  ureides  were  weakly  active,  and  of  a  series  of  ureido  acids,  only 

ureidoglutaric  was  strongly  inhibitory.  Takeuchi  also  prepared  a  series  o 
glycyl  peptides  and  reported  that  glycylasptmii ^acid  was  stnan^y  inhibitory. 

The  hypothetical  compound,  NH3.CO(NH2)2,  SUPP  -  '  r  19471 

slightly  alkaline  solutions  of  urea,  has  been  proposed  by  Dea  y  (1947) 
as  the  inhibitor  of  urease  activity,  manifesting  itself  in  experiments  designed 
to  show  the  inhibitory  effect  of  urea  on  urease. 

Certain  Enzymes  Involved  in  Carbohydrate  Metabolism 

Inferential^  the  structural  similarities  of  the  carbohydrates  would  p°,m 
to  the  existence  of  natural  metabolite  analogues,  an  si 

“The  initial  studies  in  this  field  reported  ‘he  ;nhibit,on  of  glycolysis  by 
glyceraldehyde.  Adler  et  al.  (1937)  noted  the  blockage  by  the  aldehyde 
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Fig.  2.  Inhibitors  of  urease. 
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remarkable  instance  of  substrate  blockage  the  structural  formulae  of  the 
sugars  are  given  in  Fig.  3. 
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Fig.  3.  Substrate  enzyme  inhibitors  of  £-h-fructosidase. 

Again,  in  the  case  of  levansucrase,  the  enzyme  forming  glucose  and  levan 
frorrT sucrose,  inhibition  is  manifested  by  D-xylose,  L-arabinose,  D-glucose, 
L-sorbose,  and  lactose  (Hestrin  and  Avineri-Shapiro,  1944). 

Related  blockage  phenomena  are  those  of  ascorbic  acid  for  the  /3-am¬ 
ylases  of  plants  (Waldschmidt-Leitz  and  Purr,  1931-32,  1932),  and  of 
saccharic  acid  for  ^-glucuronidase  (Karunairatnam  and  Levvy,  1949).  In 
the  latter  case,  the  hydrolysis  of  phenylglucuronide  by  the  glucuronidase 
was  the  test  system.  The  action  of  saccharic  acid  was  competitive  and  a 

value  of  6  X  10  was  obtained  for  Kj.  .  .  . 

There  are  no  corresponding  in  vivo  studies  although  the  inhibiting  action 
of  mannose  upon  the  growing  plant  (Wachtel,  1943)  and  the  toxicity  o 
lactose  for  the  rat  (Mitchell  and  Dodge,  1935)  and  the  plant  (Knudson, 
1916)  may  be  manifestations  of  competitive  inhibition. 

Three  reports  have  been  made  on  substrate  analogue  interference  with 
the  action  of  phosphorylases  and  transphosphorylases  involved  in  carbo- 
hydrate  metabolism.  Glucose  inhibits  a-glucosan  phosphorylase .  which 
transforms  glycogen  into  glucose-1 -phosphate  (Cori  and  Cori,  )>  ‘ 
sucrose  phosphorylase,  which  catalyzes  the  formation  of  glucose- 1 -phos¬ 
phate  from  sucrose  (Doudoroff,  1943).  Slein  (1950)  used  yeast  and  brain 
hexokinase,  which  is  involved  in  the  transfer  of  phosphate  from  adenosme 
triphosphate  to  hexoses,  and  hexose  pairs  such  as  mannose  and  * 

this  system,  these  sugars  act  as  substrates  and  inhibitors  at  t  e  same 
of  the  enzyme.  The  K,  and  the  K,  values  for  each  are  iden t  ea h  W, A brmn 
hexokinase  either  glucose  or  mannose  almost  completely  inhibited  t 
util“;t  fruc<ose.  Fructose  had  little  effect  on  the  phosphorylation  of 

the  aldohexoses. 


Bibliography 


17 


Miscellaneous 


The  one  item  we  may  consider  miscellaneous  concerns  the  depression  of 
respiration  of  kidney  slices  by  trans-aconitic  acid  and  the  reversal  thereof 
by  cis-aconitate,  citrate,  and  succinate  (Saffran  and  Prado,  1948). 


Recapitulation 


The  term  Substrate  brings  to  mind  a  multitude  of  molecules,  among  them 
all  of  the  prime  and  intermediary  products  of  amino  acid,  fat,  and  carbo¬ 
hydrate  metabolism.  It  includes  all  molecules  foreign  to  the  body  which 
are  subject  to  “detoxication”  reactions,  and  those  which  undergo  any  type 
of  metabolic  alteration.  Thus,  the  entire  fields  of  pharmacology  and  chemo¬ 
therapy  come  within  limits  under  the  substrate  category.  Toxicology  in  its 
broadest  aspects  is  probably  no  more  than  a  reflection  of  substrate  dis¬ 
placement  and  enzymatic  inactivation.  With  this  scope  of  application  in 
mind  and  considering  phenomenal  successes  with  such  substrate  displacers 
as  fluoroacetate  and  malonic  acid,  it  is  apparent  that  here  we  have  mirrored 
the  limitations  of  completed  research  and  the  potentialities  of  future  in¬ 
vestigation. 


Use  of  the  term  Absolute  in  reference  to  enzymatic  specificity  represents 
a  manifestation  of  loose  terminology.  Absolute  enzymatic  specificity  indi¬ 
cates  that  a  proteolytic  enzyme  will  not  act  on  a  polysaccharide  or  some 


equivalent  limitation  and  does  not  imply  specificity  related  to  a  single  mole¬ 
cule.  It  is  probable  that  onlv  rplnti^  _ .  •  . 
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Chapter  2 

PHARMACOLOGICAL  ASPECTS 


1.  Pharmacological  Agents  Altering  Enzymatic  Mechanisms 
Associated  with  the  Parasympathetic  Nervous  System. 

a.  Cholinesterase. 

b.  Choline  Acetylase. 

c.  Antispasmodics.  Agents  Blocking  or  Modifying  the  Parasympathomimetic 
Action  of  Acetylcholine. 

2.  Pharmacological  Agents  Altering  Enzymatic  Mechanisms 
Associated  with  the  Sympathetic  Nervous  System. 

a.  Dopa  Decarboxylase. 

b.  Amine  Oxidase. 

c.  Phenolases. 

d.  Sulfoesterase. 

e.  Adrenolytics. 

3.  Pharmacological  Agents  Altering  Enzymatic  Mechanisms 
Associated  with  Histamine. 

a.  Histidine  Decarboxylase. 

b.  Histaminase. 

c.  Antihistamines. 

4.  Biological  Antagonism  as  It  Relates  to  the  Pharmacology  of  Narcotics  and 
Hypnotics. 

a.  Barbiturates. 

b.  Morphine  and  Related  Molecules. 

5.  Miscellaneous. 

6.  Comment. 


The  distinction  between  pharmacology  and  toxicology  is  in  the  final 
analysis  quantitative  and  not  qualitative.  Chemotherapy  can  be  considered 
a  subdivision  of  the  general  science  of  pharmacology.  On  the  basis  of 
material  reviewed  in  this  and  subsequent  chapters,  the  author  offers  the 
concept  of  biological  relativity  as  the  underlying  phenomenon  of  both 
these  fundamental  sciences.  This  theory  of  biological  relativity  will  be 
emphasized  throughout  and  its  details  integrated  in  the  final  chapter. 

Biological  relativity  as  applied  to  the  immediate  subject  brings  into  one 
concept  many  well-known  observations,  two  of  which  are  important  here 
The  first  concerns  the  relativity  of  enzyme  inhibitors,  the  selectivity  o 
antimetabolites  based  upon  structures  bearing  similarity  to  natural  sub¬ 
strates,  cofactors,  etc.  which  are  normally  involved  in  vital  enzymatic  trans- 

20 


Parasympathetic  Nervous  System 


21 


formations.  The  second  is  that  of  the  relative  concentration  of  susceptible 
enzymes  in  various  tissues  and  the  assumption  that  any  given  inhibitor  will 
act  primarily  against  that  tissue  containing  a  minimum  of  the  enzyme.  In 
other  words,  the  pharmacological  action  of  a  drug  is  based  upon  relativity 
as  applied  to  enzyme  susceptibility  and  tissue  concentrations.  The  same 
basic  issues  apply  to  chemotherapy,  with  the  addition  of  the  factor  of  rela¬ 
tive  parasite  and  host  enzyme  concentrations. 

Pharmacological  Agents  Altering  Enzymatic  Mechanisms  Associated 


with  the  Parasympathetic  Nervous  System 


It  is  apparent  that  the  chemical  agent  responsible  for  parasympathetic 
activity  is  acetylcholine.  A  correlative  to  this  is  that  such  activity  will 
depend  upon  the  concentration  of  acetylcholine  at  a  given  reactor  site  at  a 
specific  time.  It  seems  probable  that  rules  governing  kinetics  of  enzymatic 
activity  as  related  to  substrate-inhibitor  will  also  apply  to  neurohormonal 
compounds  such  as  acetylcholine.  The  following  factors  would  determine 
available  or  effective  concentration:  rate  of  formation  or  addition,  rate  of 
destruction  or  removal,  and  presence  of  displacers. 

The  rate  of  formation  is  determined  by  the  reaction  kinetics  of  choline 


I 

w  oe  considered  in  view  of  indeterminate  findings. 


Cholinesterase 


oH,’!"1?!TSe  and  th0Se  agents  a,lerinS  its  activity  will  be 
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netics,  specificity,  and  inhibition  characteristics.  The  nonspecific  enzyme 
occurs  in  blood  serum,  liver,  and  in  the  pancreas.  The  specific  form  is  found 
in  red  blood  cells,  brain,  and  nervous  tissues.  Mendel  and  Rudney  (1943) 
have  reported  that  brain  tissue  contains  only  the  true  form  of  cholinesterase. 
Distribution  of  cholinesterase  in  nervous  tissue  is  a  point  of  great  impor¬ 
tance  and  the  details  have  been  presented  by  Nachmansohn  (1943)  who 
found  the  enzyme  localized  at  the  neuronal  surfaces  and  concentrated  to 
the  greatest  degree  at  the  synaptic  points — ganglionic,  central  nervous 
system,  motor  end-plates. 

Acetylcholine  formation  is  directly  connected  with  nerve  action,  i.e., 
with  the  transmission  of  nerve  impulse.  The  esterase  functions  in  the  re¬ 
moval  of  the  parasympathomimetic  drug  and  as  its  action  is  essentially 
irreversible  plays  no  role  in  resynthesis.  Kinetically,  the  difference  between 
the  two  enzymes  is  that  the  true  form  acts  on  more  dilute  solutions  of 
acetylcholine  as  contrasted  to  the  pseudo-form.  The  specificity  of  these 
functional  nonidentical  enzyme  twins  differs  not  only  in  the  action  of  the 
nonspecific  form  on  noncholine  esters  but  also  in  that  the  specific  form  hy¬ 
drolyzes  acetyl-/?-methylcholine  but  not  benzoylcholine;  the  reverse  is  true 
for  the  nonspecific  form  (Mendel  et  al.,  1943;  Nachmansohn  and  Rothen- 


berg,  1944). 

In  consideration  of  inhibitors  of  cholinesterase  (CE),  it  must  be  held 
in  mind,  as  pointed  out  by  Koelle  and  Gilman  (1949)  in  their  review  of 
anticholinesterase  drugs  that  there  is  no  absolute  correlation  between  in¬ 
hibitor  capacity  and  pharmacological  function  by  virtue  of  that  activity.  A 
drug  acting  primarily  as  an  anticholinesterase  at  one  site  might  directly  act 
on  effector  cells  at  another  point. 

Physostigmine,  an  alkaloid  from  the  Calabar  bean,  was  the  first  highly 
effective  inhibitor  of  CE  to  be  studied  (Loewi  and  Navratil,  1926),  and  it 
was  subsequently  found  to  be  a  competitive  agent  (Eadie,  1942)  The 
kinetics  of  this  antimetabolite  effect  were  reported  by  Straus  and  Goldstein 
(1943)  who  found  that  one  molecule  of  physostigmine  or  one  molecule  o 
acetylcholine  probably  combines  with  one  active  center  of  cholinesterase. 

A  comparison  of  the  structure  of  pilocarpine  and  of  physostigmine 
(Fig  1 )  should  reveal  the  distinctive  structural  characteristics  of  an  agent 
acting  directly  with  one  acting  by  virtue  of  cholinesterase  inhibition.  Pilo- 

... «. « .i «*.  I- 

clinical  states  as  myasthenia  gravis,  is  an  effective  inhibitor  o 
tinger  and  Bloch,  1943);  however,  it  also  possesses  a  dnect  achon^ on 
skeletal  muscle.  This  was  demonstrated  by  R.ker  and  Wescoe  (  h 

found  that  prostigmine  evoked  contractions  of  muscle  ■"  ‘he  Presence  of 
diisopropylfluorophosphate  (DFP)  which  is  a  specific  inhlbltof  ot  ““ 
linesterase.  The  action  of  the  prostigmine  in  this  experiment  wou 
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be  direct  or  at  least  not  motivated  via  CE  because  this  enzyme  was  com¬ 
pletely  inactivated  by  the  DFP.  Such  experiments  do  not  reflect  the  quan¬ 
titative  or  even  the  qualitative  components  of  the  activity  of  the  drug  as 
used  clinically  but  they  do  indicate  the  potentiality  of  a  dual  action.  Riker 
and  Wescoe  interpret  their  results  as  indicating  the  classification  of  prostig- 
mine  with  acetylcholine  as  an  agent  acting  directly  on  skeletal  muscle.  This 
conjecture  might  hold  true  under  the  conditions  of  their  experiment  but 
must  be  limited  thereto  until  actual  evidence  accumulates  for  their  broader 
application. 

While  it  is  not  indicated  that  extensive  listing  be  made  of  all  cholines¬ 
terase  inhibitors,  a  few  are  given  for  orientation.  In  the  class  of  reversible 
and  noncompetitive  inhibitors  Goldstein  (1948)  lists  methylene  blue, 
acriflavine,  morphine,  atropine,  strychnine,  amphetamine,  phenobarbital, 
sulfanilamide,  procaine,  choline,  and  acety1-/3-methylcholine.  One  of  the 
nitrogen  mustards,  namely  /?/?'-dichlorodiethyl-N-methylamine,  is  a  com¬ 
petitive  inhibitor  (Adams  and  Thompson,  1948). 

Atropine,  the  most  universally  used  inhibitor  of  parasympathetic  activity, 
has  been  reported  to  inhibit  the  action  of  CE  in  human  blood  (Schaller, 
1942).  This  is  doubtless  an  example  of  direct  action  on  a  nerve  receptor 
site  combined  with  a  relatively  minor  affinity  for  the  CE  activity  center. 
It  is  to  be  anticipated  that  structural  similarities  will  be  found  on  the 
receptor  site  of  cholinesterase  and  cell  receptor  position  with  resultant  over¬ 
lap  in  activity.  A  given  molecule  may  inhibit  the  enzyme  and  yet  stimulate 
the  cell  or  it  may  inhibit  both. 

Caffeine,  a  well-known  central  nervous  system  stimulant,  is  a  highly 
specific  inhibitor  of  true  CE  (Nachmansohn  and  Schneemann,  1945). 
Theobromine  also  possesses  this  action;  quinine  on  the  other  hand  is  more 


effective  against  the  nonspecific  esterase. 

Potentialities  for  the  existence  of  numerous  natural  inhibitors  and  stimu¬ 
lators  of  CE  are  indicated  by  the  observations  of  Aron  et  al.  (1944)  that 
glycine,  alanine,  proline  and  especially  arginine,  lysine,  and  histidine  in¬ 
crease  the  activity  of  serum  cholinesterase,  nonspecific  form.  These  investi¬ 
gators  stated  that  the  intravenous  injection  of  0.2  grams  of  histidine  HC1 
increased  serum  cholinesterase  activity  by  approximately  50  per  cent. 

Work  such  as  that  of  Aron  et  al.  (1944)  brings  into  focus  the  question 
of  the  relative  importance  of  nonspecific  cholinesterase  as  a  factor  in 
acetylcholine  metabolism.  Hawkins  and  Gunter  (1946)  offered  evidence 
supporting  the  contention  that  the  nonspecific  form  plays  no  significant 
part  in  the  in  vivo  splitting  of  acetylcholine  when  they  studied  the  dimethyl- 

carbamate  of  (2-hydroxy-5-phenylbenzyl)  trimethylammonium  bromide^ 

This  prostigmine  analogue  inhibited  almost  completely  and  seketively  the 
nonspecific  form  of  CE  yet  following  injections  of  this  compound .no  ymp- 
toms  suggesting  the  accumulation  of  acetylcholine  appeared.  This  is  pre 
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sumptive  evidence  only,  as  factors  such  as  permeability  might  well  cloud 
the  issue. 

During  the  course  of  chemical  warfare  research  in  the  period  of  and 
following  World  War  II,  extensive  investigations  were  made  on  irreversible 
CE  inhibitors  belonging  to  the  series  of  alkyl  phosphates.  Bloch  (1943) 
and  Hottinger  and  Bloch  (1943)  first  observed  the  irreversible  inactivation 
of  CE  by  a  phosphate  ester,  tri-o-cresyl  phosphate.  Later,  Adrian  et  al. 
(1947)  studied  diisopropylfluorophosphate  (DFP)  and  demonstrated  its 
activity  in  inhibiting  CE.  The  irreversibility  of  this  action  was  discovered 
by  Mackworth  and  Webb  (1948)  who  were  unable  to  restore  enzymatic 
activity  by  dialysis. 

Similar  compounds  possessing  this  CE  inactivation  characteristic  include 
hexaethyltetraphosphate  (HETP)  (DuBois  and  Mangun,  1947),  tetraeth- 
ylpyrophosphate  (TEPP),  and  members  of  the  classes  of  polyphosphates, 
phosphophosphines,  thiophosphates,  and  sulfonephosphates  (Brauer, 
1948).  From  consideration  of  a  series  of  16  phosphate  esters,  Brauer  was 
able  to  draw  certain  conclusions  concerning  structural  attributes  necessary 
for  CE  inhibition.  All  active  compounds  had  in  common  the  grouping 
P  O  R  where  R  is  alkyl  or  aryl.  This,  however,  was  not  the  only  cri¬ 
terion.  In  some  pairs  of  closely  related  compounds  inactivity  and  activity 
alternated  as  follows:  triethylphosphate,  tetraethylphosphate;  trimethyl- 
phosphate,  dimethylfluorophosphate;  tri-p-cresyl  phosphate,  tri-o-cresyl 
phosphate.  The  active  member  in  each  of  these  pairs  has  a  high  free  energy 
content. 

The  kinetics  of  action  of  these  phosphate  esters  have  been  studied  by 
Brauer  (1948)  who  worked  with  HETP  and  TEPP.  The  relationship 
between  concentration  of  inhibitor  and  degree  of  enzyme  inhibition  was 
linear  over  a  wide  range,  indicating  a  stoichiometric  mechanism  of  inter¬ 
action  with  resultant  destruction  of  both  the  alkyl  phosphate  and  the 
enzyme.  Physostigmine  and  similar  reversible  inhibitors  of  CE  apparently 
react  w,th  the  same  moiety  as  the  alkyl  phosphates.  The  preceding  state¬ 
ment  is  based  upon  the  observations  of  Koster  (1946)  who  noted  that 
animals  could  be  protected  against  DFP  by  prior  administration  of  certain 

andbf  n  vitroTd-  ^  °946)  eXtended  S'Udy  °f  this  P>™omenon 
and  by  in  vitro  studies  demonstrated  that  physostigmine  neostigmine  .nH 

carbarn, noylcholine  protected  CE  against  DFP  g  6’  and 
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Fig.  2.  Pharmacological  inhibitors  of  acetylcholine  and  structures  with 

parasympathomimetic  action. 


determined  the  dissociation  constants  for  enzyme-substrate  and  enzyme- 
inhibitor  complexes.  He  concluded  that  choline,  arserroclof.ne  acetyl-^- 
methylcholine,  tetramethylammomum  chloride,  tropine,  y  y 
d-hyoscyamine,  atropine,  NaCl,  KCI,  and  NH.Cl  were  competmve  in¬ 
hibitors  of  cholinesterase.  Physostigmine  and  neoshgm.ne  were  toed  as 
noncompetitive  inhibitors.  Apparently,  his  results  were  “mpheated  by  a 
failure  to  allow  the  attainment  of  an  equilibnum  between  enzyme-mhibuor 

“  (C19m42)Xreached  an  entirely  different  conclusion  since  his  results 
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demonstrated  that  the  inhibition  of  CE  by  physostigmine  or  prostigmine  is 
competitive  and  that  equilibrium  is  reached  almost  instantaneously.  Prior 
to  the  work  of  Easson  and  Stedman  (1936)  the  reversible  inhibition  of  CE 


had  been  regarded  entirely  as  monomolecular  and  first  order  but  these 
investigators  assumed  that  the  enzyme  centers  were  present  in  infinitesi¬ 
mally  small  concentration  and  that  the  reaction  was  of  the  second  order 
and  bimolecular.  Straus  and  Goldstein  (1943)  extended  this  concept  and 
established  so-called  zones  of  behavior.  In  the  first  zone,  the  enzyme  con¬ 
centration  is  small  and  virtually  all  of  the  inhibitor  exists  in  the  free  state. 
Inhibition  is  under  these  conditions  a  function  of  inhibitor  concentration 
and  the  reaction  is  monomolecular.  In  the  other  zones,  the  enzyme  is 
present  in  greater  concentrations  and  the  reactions  between  enzyme  and 
inhibitor  are  bimolecular  in  type  and  stoichiometric.  As  indicated  by  these 
investigators,  the  kinetic  type  of  inhibitor-enzyme  reaction  would  vary  in 
the  body  depending  upon  the  enzyme  concentration. 

The  dynamics  of  the  inhibition  of  CE  by  reversible  and  irreversible  in¬ 
hibitors  have  been  considered  by  Augustinsson  and  Nachmansohn  (1949) 
who  found  that  TEPP  inactivated  the  enzyme  irreversibly  and  immediately 
while  DFP  caused  the  irreversible  reaction  at  a  relatively  slow  pace.  An¬ 
other  observation  of  interest  in  this  report  was  the  shift  in  optimal  substrate 
concentrations  produced  by  physostigmine  and  prostigmine. 

The  action  of  anticholinesterases  should  not  be  regarded  as  directed 
solely  against  the  enzyme.  Evidence  supporting  this  assertion  is  varied  and 


ranges  from  permeability  studies  to  toxicology.  The  permeability  experi¬ 
ments  established  the  acetylcholine-cholinesterase  system  as  a  factor  in  the 
membrane  characteristics  of  different  cells  and  tissues.  Either  physostigmine 
or  prostigmine  modifies  the  permeability  of  erythrocytes  (Greig  and  Hol¬ 
land,  1949),  blood-aqueous  humor  barrier  (Swan  and  Hart,  1940),  and 
rat  muscle  (Thompson  and  Tice,  1941).  The  tendency  of  anticholinester¬ 
ases  to  increase  permeability  might  be  said  to  be  the  result  of  CE  inhibition, 
causing  the  accumulation  of  acetylcholine. 

The  capacity  of  anticholinesterases  for  the  inhibition  of  brain  dehydro¬ 
genases  has  been  established  by  Michaelis  et  al.  (1949)  who  studied 
physostigmine  DFP  and  TEPP.  The  potency  of  the  alkyl  phosphates  is 
indicated  by  their  greater  action  compared  to  methyMuoroacetate.  Another 
enzymatic  mechanism  blocked  by  anticholinesterases  is  that  of  procaines- 
erase.  This  has  been  demonstrated  in  vitro  (Kisch,  1943)  and  in  vivo 

bTmfneTr  eas  Pr0C,aine  ,0Xicily  followinS  »*  of  agents  such  as  physo- 
stigmine  (Conway  et  al.,  1949).  H  y 

rsnecifidd'ti0n  10  the..dru8s  mentioned,  the  anticholinesterase  component 

agents 

is  extensive  and  includes:  urethanes,  geneserine,  ephedrine,  antipyrine' 
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choline,  priscoline,  privine,  otrivin,  chloral  hydrate,  barbital,  evipan,  pheno- 
barbital,  chlorotorm,  ethyl  alcohol,  tribromoethanol,  phenothiazine,  meth¬ 
ylene  blue,  acriflavine,  morphine,  morphine  derivatives,  caffeine,  theo¬ 
bromine,  strychnine,  and  many  others. 


Choline  Acetylase 


The  second  enzyme  primarily  associated  with  the  parasympathetic  system 
is  choline  acetylase.  Nachmansohn  and  Machado  (1943)  isolated  it  from 
brain  and  from  the  electric  organ  of  the  eel.  The  enzyme  under  anaerobic 
conditions  formed  acetylcholine  in  a  system  consisting  of  choline  chloride, 
sodium  acetate,  sodium  fluoride,  physostigmine,  and  adenosinetriphos- 
phate.  This  is  an  instance  in  which  two  enzyme  inhibitors  were  used  to 
demonstrate  the  existence  of  a  new  enzyme.  Sodium  fluoride  inhibited 
phosphatases  and  physostigmine  blocked  the  esterase.  They  found  that  the 
enzyme  was  inhibited  by  sodium  iodoacetate,  iodine,  and  copper.  Cyanide 
was  inactive. 

Following  dialysis,  which  decreased  activity  of  the  enzyme,  the  addition 
of  L-glutamic  acid  or  cystine  restored  normal  function.  Alanine,  methionine, 
and  glutamine  had  some  effect.  Later,  Nachmansohn  and  his  associates 
(1943)  reported  that  both  succinic  and  citric  acids  were  effective  in  in¬ 
creasing  the  activity  of  dialyzed  extracts. 

In  1947  Lipmann  et  al.,  announced  that  the  coenzyme  for  acetylation 
was  a  pantothenic  acid  derivative.  His  group  (Lipmann  and  Kaplan,  1946) 
had  previously  demonstrated  the  essentiality  of  this  cofactor  for  the  acety¬ 
lation  of  choline  in  vitro.  Furthermore  Riggs  and  Hegsted  (1948)  had 
reported  defective  acetylation  by  pantothenic  acid  deficient  animals. 

The  potentiality  that  pantothenic  acid  displacers  might  prove  effective 
inhibitors  of  choline  acetylase  in  vivo  led  several  groups  to  study  the  prob¬ 
lem.  Phenylpantothenone  failed  (Novelli  and  Lipmann,  1948)  as  did  an 
entire  series  of  pantothenic  acid  displacers  (Martin  et  al.,  1950).  Success 
crowned  the  efforts  of  Cohen  et  al.  (1949,  1949a)  who  demonstrated  the 
inhibition  of  the  formation  of  coenzyme  A  by  pantoyltaurine  and  the 
inhibition  of  the  action  of  preformed  coenzyme  A  by  D-(2-(pantoylamino)- 


ethylsulfono)  -4-nitroanilide. 

While  succinic  and  citric  acids  activate  dialyzed  choline  acetylase  prep¬ 
aration  (Nachmansohn  et  al.,  1943),  sodium  malonate  decreases  or  inhibits 
this  enzyme  (Torda  and  Wolff,  1944).  This  work  carried  out  by  Torda 
and  Wolff  also  disclosed  the  effectiveness  of  fumarate  in  increasing  choline 
acetylase  activity.  Sodium  oxalate  had  no  effect.  The  inhibition  of  t  e 
enzyme  by  a-keto  acids  such  as  pyruvic,  phenylpyruvic,  p-hydroxyphenyl- 
pyruvic,  and  a-ketoglutaric  had  been  noted  by  Nachmansohn  and  John 


(1944,  1945). 

The  intermediary  metabolism  involved  in 


acetylcholine  formation  would 
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seem  to  be  the  formation  of  acetate  from  fatty  acids,  the  conversion  to  an 
activated  form,  namely  acetyl  phosphate,  and  the  transfer  of  the  acetyl 
radical  to  choline  by  an  enzymatic  mechanism  the  cofactor  of  which  is  a 
pantothenic  acid-containing  unit. 

Inhibitors  fit  into  this  pattern  as  follows:  iodoacetate  by  inactivation  of 
sulfhydryl  groups,  malonate  by  blockage  of  succinic  acid  metabolism  chan¬ 
nels  which  may  lead  to  acetate,  and  pantothenic  acid  displacers  by  inter¬ 
ference  with  action  of  coenzyme  A. 

A  new  class  of  choline  acetylase  inhibitors,  the  bioflavonoids,  must  now 
be  considered.  Beiler  et  al.  (1950)  proceeding  from  the  knowledge  of  the 
— SH —  grouping  of  choline  acetylase  (Nachmansohn  and  John,  1945) 
and  the  susceptibility  of  that  grouping  to  quinones  or  quinone  forming  com¬ 
pounds  (Nachmansohn  and  Berman,  1946)  demonstrated  the  inhibitory 
action  of  a  series  of  flavonoids  on  the  enzyme.  Morin  was  the  most  power¬ 
ful  compound  tested,  producing  a  65  per  cent  inhibition  at  a  concentration 
of  0.1  mg.  per  ml. 


Antispasmodics.  Agents  Blocking  or  Modifying  the  Parasympathomimetic 

Action  of  Acetylcholine 


The  mechanism  of  action  of  antispasmodics  remains  vague  but  there  are 
facts  which  tend  to  place  all  pharmacological  activity  in  the  displacement 
category  and  the  antispasmodics  are  no  exception.  Displacement  of  acetyl¬ 
choline  from  a  reaction  site  is  theoretically  the  basis  of  efficacy,  and  an 
attempt  will  be  made  to  support  this  contention  with  fact. 


For  purposes  of  limitation,  the  discussion  will  be  restricted  to  neurotropic 
antispasmodics.  The  action  of  such  agents  it  will  be  recalled  is  determined 
by  interference  with  the  effect  of  acetylcholine  on  an  isolated  strip  of 
intestine.  The  musculotropic  drugs  in  this  group  are  tested  against  the 
spasmodic  effect  of  barium  chloride  on  an  intestinal  segment.  The  under¬ 
lying  mechanism  is  difficult  of  interpretation. 

A  further  complication  in  an  attempt  to  study  agents  blocking  acetyl¬ 
choline  is  that  such  chemicals  can  be  divided  into  three  general  groups: 
( 1  )  those  effective  against  the  neuromuscular  transmission  activity  of 
acetylcholine:  e.g.,  curare;  (2)  those  active  against  the  “muscarinic  actions” 
of  acetylcholine:  e.g.,  atropine;  and  (3)  those  antagonistic  toward  the 
ganglionic  acetylcholine  effect:  e.g.,  tetraethylammonium.  While  there  is 
cross-over,  the  degree  of  specificity  manifested  by  these  drugs  indicates 

is  YUnffdame"‘al  in  the  reaction  site  for  acetSofe 

n  the  several  effectors;  and  conversely  that  the  drugs  carry  structural 
o  ifications  causing  one  to  be  more  suited  to  displacement  of  acetvl 
choline  from  one  effector  site  than  from  another.  * 

The  action  of  atropine  on  various  known  enzymes  might  ofW  nn  i 
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the  displacement  by  this  drug  of  acetylcholine  from  an  effector  site.  For 
example,  atropine  does  not  interfere  with  the  formation  of  acetylcholine 
following  nerve  stimulation,  which  is  evidence  that  it  does  not  interfere 
with  choline  acetylase  (Sollman,  1942).  Its  action  on  cholinesterase  is 
inhibitory  (Schaffer,  1942),  which  would  indicate  a  parasympathomimetic 
activity  rather  than  its  actual  spasmolytic  effect. 

Clark  (1926)  first  studied  the  quantitative  relationships  between  acetyl¬ 
choline  and  atropine.  He  reported  a  constant  ratio  of  metabolite  to  antag¬ 
onist  over  a  wide  range  of  concentrations  which  indicates  competition  for 
the  same  effector. 

These  facts  combined  with  the  work  of  Moe  et  al.  (1950)  in  which  they 


demonstrated  the  competition  between  atropine  and  acetylcholine  in  the 
spinal  cat  (using  the  pressor  response  of  acetylcholine  as  a  criterion  of 
ganglionic  activity)  conclusively  establish  the  displacement  theory  as  the 
mechanism  of  action  of  this  spasmolytic  agent. 

Atropine  is  itself  subject  to  hydrolysis  by  the  enzyme,  atropinesterase. 
The  concentration  of  this  enzyme  is  subject  to  wide  species  variation.  The 
rabbit  can  eat  belladonna  leaves  without  manifesting  toxicity  because  of 
the  enzymatic  degradation  of  the  atropine.  The  kinetics  and  properties  of 

this  esterase  have  been  studied  by  Glick  ( 1940). 

Tetraethylammonium  (TEA)  has  a  specific  capacity  to  produce  gangli- 
onic  blockade.  The  action  of  an  entire  series  of  related  molecules  on 
isolated  frog  muscle  was  studied  by  Kulz  (1923)  and  Raventos  (1937). 
Compounds"  of  the  type  (CH,),NX  to  (CH3),N(C,H9)X  possessed  a 
parasympathomimetic  effect  but  as  the  chain  length  was  increased,  the 
effect  decreased  and  finally  with  an  8-carbon  unit  the  molecule  became 
antagonistic.  (CH3)3N(C3H,7)X  and  tetraethylammonium  completely 
blocked  the  action  of  acetylcholine  on  the  frog  heart.  ,  . 

Moe  and  Freyburger  (1950)  state  “Whatever  the  ^ 

TFA  block  of  ganglia,  it  is  almost  certainly  competitive.  They  base  tms 
Jtatlent  on  he  work  of  Konzet,  and  Moe  (1950)  who  perfused  the  ,so- 
"el=al  ganglion  of  the  cat  with  TEA  and  completely  prevented 
resnonse  to  a  dose  of  acetylcholine  which  in  the  absence  of  the  TEA  pro 
duced  a  submaxima,  effect;  increase  in  the  amount  of  acetylcholine  caused 

stimulation  again.  /1Qsm  Mark  and  Raventos 

Prior  to  the  work  of  Moe  and  Freyburger 

(1937)  had  studied  the  antagonistic  action  o  because 

monium  and  attributed  i,  to  competition  for  a  comment  recep  o  -s 

of  the  similarity  of  the  molecular  structure  *e ‘^f“t  action  0f 
Loewi  (1946)  proposed  displacement  by  caUcns js  the  ba^o, 

TEA  in  antagonizing  the  effect  of ' '""f^a tin ^  the  atropine  type  and 
Of  the  three  types  of  ac.JLoci- 

the  tetraethylammonium  type  have  been 
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ated  with  competitive  antagonism.  This  leaves  the  third  type  which  was  the 
curare  or  neuromuscular  blockage  group  for  consideration.  Cowan  (1936) 
found  that  curarine  reverses  the  acetylcholine  depolarization  of  muscle  and 
concluded  that  the  two  drugs  act  on  the  end-plate  in  the  neuromuscular 
junction  by  mutual  antagonism.  The  correlation  of  curarine-acetylcholine 
antagonism  and  curarine-end-plate  potential  tends  to  establish  acetylcholine 
as  chemical  mediator  for  the  potential.  Delicate  adjustments  of  concen¬ 
trations  of  curarine-acetylcholine  can  bring  about  excitation  which  is  above, 
below,  or  just  threshold  (Kuffler,  1943). 

Another  member  of  the  curare  neuromuscular  blockage  group  is  1,10- 
bis-trimethylammonium  decane  (decamethonium  salts).  This  compound 
was  a  member  of  a  group  of  polymethylene  bisquaternary  ammonium  salts 
studied  by  Barlow  and  Ing  (1948)  and  Paton  and  Zaimis  (1949).  From 
the  standpoint  of  competitive  systems,  the  counteraction  of  the  decame¬ 
thonium  compound  by  the  lower  homologue  of  the  series  1,5-bis-trimethyl- 
ammonium  pentane  is  of  interest.  The  neuromuscular  paralysis  caused  by 
the  C-10  compound  is  not  reversed  by  anticholinesterases  but  is  by  the 
C-5  compound.  C-10  is  also  antagonized  by  d-tubocurarine  chloride 
(Castillo  et  al.,  1949). 


Pharmacological  Agents  Altering  Enzymatic  Mechanisms 
Associated  with  the  Sympathetic  Nervous  System 

Dopa  Decarboxylase 

Phenylalanine  and  tyrosine  metabolite  analogues  are  considered  in  detail 
in  Chapter  7,  and  one  phase  of  that  subject  is  properly  dopa  decarboxylase. 

In  the  interests  of  continuity,  the  data  presented  there  in  detail  will  be 
summarized  here. 

Assuming  substrate  and  enzyme  concentrations  to  be  essentially  con¬ 
stant,  the  determining  factors  in  the  formation  of  pressor  amines  would  be 
enzymatic  activity,  the  balance  or  relative  activity  of  dopa  decarboxylase 
and  other  enzymes  involved  in  epinephrine-arterenol  formation,  and  amine 
oxidase,  phenolases,  and  sulfoesterase  which  are  concerned  in  pressor 
amine  destruction.  Studies  of  the  natural  and  synthetic  inhibitors  of  dopa 
decarboxylase  are  few  in  number. 

In  the  synthetic  group,  two  approaches  have  been  made;  one  via  cofactor 

CtomerTzTe0;6,  y,SUb!,tratC  ?iSP'a“'  acid  antagonists  (see 
Chapter  12  effectively  reduce  the  activity  of  the  decarboxylase  by  virtue 

ructural  similarity  to  the  coenzyme  (Martin  and  Beiler,  1947  ^9481 

Tyrosine  and  phenylalanine  analogues  block  the  action  of  dopa  decarbox- 

ylase  by  substrate  displacement  (Martin  et  al  19S0  1Qsn-o  r 

group,  no  experimental  work  has  been  reDo’rted  ^  H  f  ^  ,  ““  natUKil 

aiders  the  studies  of  Sullivan  et  al  (  19321  r  °“e 

van  ei  ai.  U932)  as  a  manifestation  of  natural 
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inhibitors  of  dopa  decarboxylase.  These  workers  noted  the  counteraction 
of  the  toxicity  of  tyrosine  by  cystine.  Glycine  was  subsequently  shown  to 
possess  the  same  activity  as  cystine  (Martin,  1947). 

Amine  Oxidase 

Amine  oxidase  or  more  properly  monoamine  oxidase  occurs  in  liver, 
kidney,  brain,  and  lungs  and  possesses  the  capacity  to  deaminate  tyramine, 
aliphatic  monoamines,  and  secondary  amines  of  the  epinephrine  type.  In 
these  reactions,  the  amine  is  converted  to  an  aldehyde  (Blaschko  et  al., 
1937)  in  accordance  with  the  following  formulation- 


OH 

PrOH 

Vi  02  -> 

\ 

HC— OH 

I 

CH.> 

I 

NHCH;{ 

Epinephrine 


OH 

—OH 

4-NH.CH3 

I 

CH— OH 

I 

H — C=0 

3,4-Dihydroxyphenyl- 

hydroxyacetaldehyde 


After  a  consideration  of  inhibition  studies  of  monoamine  oxidase  we 
shall  review  the  role  played  by  this  enzyme  in  the  control  ot  sympathetic 
activity  in  the  body.  The  substrate  specificity  of  the  enzyme  is  broad 
(Hartung,  1946)  but  it  does  not  act  on  secondary  carb.nam.nes ^such ^as 
2-aminoheptane,  diamines  with  each  of  the  ammo  groups  attached  to 
primary  carbon,  disubstituted  amines,  and  certain  other  amines. 

In  the  interests  of  brevity,  all  inhibitors  of  monoamine  oxidase 

llS The'ktaetics  of  inhibition  of  amine  oxidase  were  studied  by  Ohta  (1948) 

'^?5f2sSr.s 

4  rsrss-.  -  - 
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Table  1 

Inhibitors  of  Amine  Oxidase 


Compound  Substrate  Action  Reference 


Cocaine  . 

Ephedrine 
Caprylic  alcohol 

Cyanide  . 

Methylene  blue . 

Indole  . 

Indoleacetic  acid . 

Cadaverine  . 

Histamine  . 

Ephedrine  . 

Phenylisopropylamines  . 
/S-Phenylisopropylamine 
d-Desoxyephedrine 
Cocaine  . 

Veritol  . 

Ephedrine 

Pervitin 

Enzymatic  oxidative  prod¬ 
ucts  of  catechol  and 
epinephrine  . 


Tyramine 

+ 

it 

+ 

it 
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it 
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it 
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ti 
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it 
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Amylamine, 

synephrine 
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Tyramine 
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Sympathin, 

epinephrine 
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Epinephrine 
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Secondary  &  tertiary  car- 
binamines  .  « 

^rea  Tyramine 

Caffeine  and  other  purine 
derivatives .  Epinephrine 

Amphetamine  derivatives  Tyramine 
Coniine 
Piperidine 
Nicotine 

Secondary  carbinamines 


|  Epinephrine 
(( 


+ 

+,  Irreversible 

+ 

+ 

+ 
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Secondary  amylamine 
Monoamidines 
Alkyl  diamidines 
Aromatic  amidines 

Diguanidines 

Diisothioureas 

Local  anesthetics 


+ 

+ 

+ 

+ 


Bernheim  &  Bernheim,  1945a 

ft 


Blaschko,  1939 


Blaschko,  1938 

it 

Blaschko,  1940 
Orzechowski,  1941 
Torda,  1943 


Heim,  1947 


Friedenwald  &  Herrmann, 
1942 

Heegaard  &  Alles,  1943 
Bhagvat  et  al.,  1939 

Ohta,  1945 
Ohta,  1948 

Werle  and  Pechmann,  1949 

Pugh  &  Quastel,  1937; 
Frontjes,  1942 

Heegaard  &  Alles,  1943 
Blaschko  and  Duthie  1945 


Philpot,  1940 
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gested  by  Govier  ct  al.  (1946)  as  a  coupled  reaction  between  a  dehydro¬ 
genase  (amine  oxidase)  with  pressor  amine  as  substrate  and  lactic  dehydro¬ 
genase  in  the  presence  of  pyruvate.  The  cytochrome-cytochrome  oxidase 
system  was  also  involved.  The  proposal  was  based  on  the  finding  that  the 
oxidation  of  tyramine  by  rat  liver  in  vitro  was  stimulated  by  cytochrome  C, 
coenzyme  1,  a-keto  acids,  methylene  blue,  and  aluminum  and  calcium  ions. 

Among  the  amidines,  diamidines,  diguanidines  and  diisothioureas  tested 
as  amine  oxidase  inhibitors,  Blaschko  and  Duthie  (1945a)  studied  a  series 
of  alkyldiamidines  and  found  that  their  affinity  for  the  enzyme  increased 
to  a  maximum  with  the  12-carbon  chain  unit.  There  was  a  parallel  among 
the  related  alkyl  diamine  substrates  in  that  enzyme  affinity  was  maximal 
at  the  12-carbon  unit,  indicating  that  both  natural  substrate  and  inhibitor 
attained  optimal  structural  characteristics  with  the  same  chain  length. 

Blaschko  (1940)  was  among  the  first  to  associate  specific  inhibition  of 
amine  oxidase  with  pharmacological  activity  in  vivo.  He  correlated  the 
awakening  characteristics  of  a  series  of  inhibitors  and  obtained  positive 
results.  From  his  findings,  he  concluded  that  in  general  inhibitors  possess 


the  structure  R — C — CH. — NH — CHS.  Similar  generalizations  on  the 

structure  of  inhibitors  of  amine  oxidase  were  made  by  Heegaard  and  Alles 
(1943)  who  proposed  that  secondary  and  tertiary  carbinam.nes  were  ap 
to  be  antagonists.  The  molecular  size  of  the  alkyl  and  phenylalkyl  secondary 
carbinamines  played  a  role  as  „-methylamylam.ne  and  a-methylphenyl- 
nroDvlamine  were  the  most  active  in  their  respective  series. 

P  Support  for  the  contention  of  a  correlation  between  biological  activity 

r r  *  r 

fh:  = =X^hSr;S: -et  enzyme  could  use 
it  as  substrate  ^  ^  ^  inhibition  o(  amine  oxidase 

’a"5  chTinTnd^ tot Agists  a  parallel  relation  between  inhibiting  action 

and  effect  on  the  , central by  him  as  failing  to  support  the 
The  work  of  Brun  (1947)  is  interP  J  oxidase.  His  negative  con- 
hypothesis  that  ephedrine  interferes  w  h  a  phedrine  when  applied 

elusion  was  based  upon  vasoconstrictor  action  o  p  white  ^ 

directly  to  arteries  of  muscle,  omentum,  and  mesent  y 
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Fig.  3.  Chemicals  modifying  the  activity  of  enzymes  or  effector  cells 
of  the  sympathetic  nervous  system. 


immersed  in  Ringer’s  solution.  Epinephrine  possessed  a  similar  action 
which  in  the  arteries  of  the  abdominal  muscles  was  suppressed  by  ephed- 
rme.  Direct  action  of  ephedrine  is  not  established  by  observations  on  intact 
animals;  moreover  the  suppression  of  epinephrine  action  by  ephedrine 
might  be  mterpreted  as  blockade  of  sympathetic  effector  cell  reaction  sites. 

similar  interpretation  can  be  placed  on  the  work  of  Ahlquist  (1946) 
who  demonstrated  the  reversal  of  the  action  of  /3-phenyl-n-propylmeth- 

ylamine  by  /3-(p-hydroxyphenyl)-isolpropylmethylamine.  Whde  Ahlquist 

does  no,  himself  agree,  1,  is  felt  that  effector  cell  site  blockage  of  the  sympa 
offers  ,heSteTp:r;lCn0nSeqUent  UnmaS!dng  °f  P^P^—tic  action 

mentof  il?9*  assembled  the  case  against  the  physiological  involve- 
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concentrations  in  tissue  known  to  inactivate  epinephrine  (Richter  and  Tin- 
gey,  1939).  To  use  this  as  a  valid  point  against  physiological  action  of  amine 
oxidase  is  to  assume  that  no  other  channel  of  epinephrine  inactivation 
exists,  and  this  is  not  borne  out  by  the  facts. 

Another  point  we  will  attempt  to  refute  is  based  upon  the  relation  of 
time  involved  in  amine  oxidase  action  and  the  extreme  dilution  of  epineph¬ 
rine  in  blood  (Kohn,  1937).  This  assumes  identical  in  vitro  and  in  vivo 
activity  of  enzymatic  mechanisms,  and  Philpot  (1940)  has  indicated  that 
there  is  no  correlation.  Further,  the  action  of  amine  oxidase  might  be 
against  some  far  more  susceptible  amine  precursor  of  epinephrine. 

Still  another  argument  used  by  Bacq  (1949)  to  invalidate  the  theory 
of  the  physiological  importance  of  amine  oxidase  is  that  the  eviscerated 
animal  is  not  more  sensitive  to  epinephrine  despite  the  high  concentrations 
of  the  enzyme  in  the  liver  (Markowitz  and  Mann,  1929).  This  hardly 
seems  valid  in  view  of  the  profound  physiological  and  biochemical  read¬ 


justments  which  would  follow  such  drastic  surgery. 

The  contention  that  the  almost  identical  quantitative  destruction  of 
epinephrine  by  liver  and  nonpregnant  cat  s  uterus  (Bacq,  1936)  mitigates 
the  importance  of  amine  oxidase  in  the  physiological  state,  can  be  refuted 
on  the  basis  of  the  lack  of  knowledge  of  the  role  played  by  other  inactivat¬ 
ing  mechanisms.  The  dominant  role  might  be  played  by  amine  oxidase  in 
the  liver,  for  example,  and  by  phenolase  in  the  uterus. 

At  this  point  in  his  presentation,  Bacq  (1949)  attacks  directly  the  con¬ 
cept  of  Gaddum  and  Kwiatkowski  (1938,  1939)  that  ephedrine  sensitizes 
to  epinephrine  by  virtue  of  blockage  of  amine  oxidase.  The  strongest  issue 
raised  is  that  ephedrine  contracts  the  chronically  denervated  nictitating 
membrane  of  the  anesthetized  and  adrenalectomized  cat,  which  means  that 
epinephrine  would  not  be  present  (Bacq,  1937).  Refutation  here  follows 
the  line  that  pressor  amines  of  many  types  are  known  and  that  most  ot 
them  would  be  susceptible  to  the  action  of  amine  oxidase;  any  one  of  these 
might  be  protected  against  amine  oxidase  by  ephedrine.  It  18  "ot  lo|'ca 
to  assume  that  ephedrine  protects  epinephrine  alone,  since  Blaschko  (1  3c  ) 
has  already  proved  its  protective  action  for  tyramine  when  this  amine 

forms  the  substrate  for  amine  oxidase. 

Each  line  of  evidence  proposed  by  Bacq  (1949)  is  subject  to  quest  . 
Consider  one  last  point,  namely,  that  efficient  inhibitors  of  amme  oxndase 
such  as  ethylurethane  do  not  sensitize  in  vivo  to  epinephrme  (Blaschko  et 

al  1937a)  In  vitro  actions  quite  generally  do  not  para  e 

In"  vivo  destructive  mechanisms  may  remove  ethylurethane  or  there  my 
be  natural  substrates  tending  to  block  or  reverse  the  act, on  would  other- 


W  Wffiirthe  matter  of  the  relative  importance  of  the  enzymatic  activity  of 
amffie  oxidase  for  the  pharmacological  effect  of  epinephrme  rematns  un- 
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settled,  the  power  of  metabolite  analogues  to  modify  the  kinetics  of  this 
organic  catalyst  is  established  beyond  question. 

Phenolases 

Epinephrine  can  be  destroyed  by  oxidation  of  the  hydroxyl  groups  with 
the  formation  of  adrenochrome.  The  reaction  which  is  associated  with 
phenolases  unquestionably  occurs  in  vitro,  but  its  in  vivo  significance  is 
obscure.  One  point  to  be  considered  is  that  the  phenolase  is  involved  in  the 
formation  as  well  as  the  destruction  of  epinephrine  and  therefore  arguments 
indicating  lack  of  functional  significance  of  phenolases  in  such  destructive 
reaction  do  not  in  any  sense  eliminate  possible  importance  of  the  enzyme 
in  controlling  pressor  amine  concentration  at  a  given  site. 

Chapter  7  deals  with  tyrosine  and  phenylalanine  metabolism,  but  a  few 
points  from  that  section  should  be  offered  here  in  the  interests  of  continuity 
of  the  presentation  of  the  metabolism  of  the  sympathetic  biochemical 
system.  The  conversion  of  phenylalanine  to  epinephrine  has  been  demon¬ 
strated  by  an  isotope  technic.  The  initial  phases  of  this  conversion  involve 
tyrosinase  (a  phenolase),  converting  phenylalanine  to  tyrosine  and  hence 
to  dihydroxyphenylalanine,  which  is  then  decarboxylated  enzymatically. 
Dopa  decarboxylase  cannot  utilize  either  phenylalanine  or  tyrosine  as  sub¬ 
strate;  tyrosine  decarboxylase  does  not  occur  in  the  mammalian  system. 
It  is  obvious  therefore  that  phenolase  activity  will  control  substrate  con¬ 
centration  for  the  action  of  dopa  decarboxylase,  which  in  turn  supplies  the 
needed  chemicals  for  epinephrine  formation. 

The  inhibition  of  tyrosinase  can  be  caused  by  0-2-thienylalanine,  various 
uonnated  phenylalanine  and  tyrosine  derivatives,  N-acetyltyrosine,  hydro- 

ChTpter  7  )°matlC  ammeS’  and  aromatic  aminobenzoic  acids  (for  detail,  see 
The  same  inhibitors  of  the  in  vitro  oxidative  destruction  of  epinephrine 
VZ'71  "94^  IT  r  SyStem  ‘“S  dopa-kidneyZsue 

f  •  .  ’  '  Ephednne  has  an  inhibitory  effect  on  the  oxidation 

of  ep,nephnne  by  tyrosinase,  a  fact  of  interest  fo  view  of  the Clarion  of 

alanine,  or  epinephrine  Ph™ylalamne,  tyros, ne,  dihydroxyphenyl- 

bodyhIeZ0shghtCtiewedhinThriiohrofity  ™  ^"ephf'ne  oxidatio"  ™  the 
described  the  phenolase  which  inaLates  epinenhnnf d', N'UbCr?  9°8 } 
made  of  its  concentration  in  tissues  the  resnltam  i’  det"minatlons  were 

tci could  p,ay :: 
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matic  concatenation  with  specificity  and  that  in  this  instance  phenolase 
type  enzymes  are  of  great  importance  (Bacq,  1938). 

Whereas  adrenochrome  is  pharmacologically  inactive,  it  is  interesting 
to  note  that  adrenoxine  (Heirman,  1937,  1938)  which  is  formed  by  the 
action  of  a  phenolase,  is  a  strong  depressor.  It  is  possible  that  adrenoxine 
is  a  metabolic  product  of  epinephrine,  so  closely  related  structurally  as  to 
displace  the  epinephrine  molecule,  preventing  its  action  and  producing  a 
drop  in  blood  pressure.  While  adrenoxine  has  not  been  isolated  in  pure 
form,  its  pharmacological  potency  is  of  sufficient  magnitude  to  suggest  the 
importance  of  future  research  along  these  lines.  As  a  mydriatic,  adrenoxine 
is  10,000  times  more  powerful  than  epinephrine  (Heirman  and  Goffart, 

1939).  •  •  •  ,  .  i 

While  adrenochrome  is  pharmacologically  inactive,  it  is  not  biochemi¬ 
cally  so.  Green  and  Richter  (1937)  found  that  it  played  a  role  as  a  hydro¬ 
gen  carrier,  and  that  the  concentrations  present  in  vivo  rendered  probable 
its  function  in  this  capacity  in  normal  physiology.  Much  of  the  action  o 
adrenochrome  is  probably  due  to  a  property  it  possesses  in  common  with 
other  quinones:  namely,  that  of  the  reversible  oxidation  of  the  sulfhydryl 
group.  The  action  of  this  epinephrine  oxidation  product  as  a  vitamin 
substance  is  probably  based  on  its  SH  oxidizing  effect  (Derouaux,  1941). 
Similarly,  it  inhibits  enzymes  of  the  glycolytic  cycle;  viz  hexokmase,  phos- 
phohexokinase  (Wajzer,  1946,  Meyerhof  and  Randall,  1948). 

Baca  (1949)  closes  his  review  of  the  subject  by  stating  an  important 
fraction  (of  epinephrine)  is  simultaneously  oxidized  to  '"do'e  suhst a^er 
Considering  the  reviewed  reports,  this  leads  to  the  conclus  y 

( 1941 )  properly  classified  sympathomimetic  compounds  ,n  SrouPs  ec‘ 
to  the  action  of  phenolases  or  amine  oxidase.  The  compounds  subj 
L  action  o"  phenolase  were  those  having  one  or  two  hydroxyl  groups  on 

administration  of 

r  «iXt: 

a  mild  hyperglycemia  m  dogs  (Ansbacher  etm.  ^  ^  anes(hctized  cat, 
aromatic  amino  4-benzodioxane  (Martin  and  Ichniowski, 

•ssTSSSSL .»«— ;  St".:: 

*£$SBSSESS. ..  ■  ■-  - 

direct  sympathomimetic  effect.  inactivation  of  sympathomimetic 

Another  important  mechanism  of  inactivation  y 

agents,  is  that  of  esterification  of  the  phenolic  groups. 


Sympathetic  Nervous  System 


39 


Sulfoesterase 

Bacq  (1949)  subscribes  to  the  theory  that  esterification  is  the  major 
pathway  of  epinephrine  inactivation  in  the  body.  Richter  in  1940  was  the 
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first  to  present  evidence  in  support  of  this  metabolic  channel.  He  ingested 
large  amounts  of  both  isomeric  forms  of  epinephrine  and  isolated  from  the 
urine  a  compound  which  had  the  characteristics  of  a  sulfoconjugate.  The 
molecule  on  hydrolysis  yielded  epinephrine.  Tests  for  glucuronic  acid  were 
negative;  those  for  sulfuric  esters  positive. 

Sympathomimetic  amines  such  as  cobefrine,  which  are  not  oxidized  by 
amine  oxidase,  are  esterified  to  a  greater  extent  than  those  subject  to  the 
action  of  the  oxidase,  e.g.,  epinephrine  (Beyer  and  Shapiro,  1945).  It  is 
probable  that  there  are  three  and  possibly  more  types  of  sympathomimetic 
amines;  those  inactivated  mainly  by  monoamine  oxidase,  those  destroyed 
primarily  by  phenolases,  and  those  modified  to  the  greatest  extent  by  sulfo- 
esterase. 

Torda  (1943a)  found  that  cocaine  inhibited  the  ester  formation  of 
phenols,  a  fact  suggesting  that  part  of  the  potentiating  action  of  cocaine 
may  be  through  its  inhibition  of  the  esterification  of  the  phenolic  epineph¬ 
rine  molecule.  The  sensitization  produced  by  many  phenols  to  epineph¬ 
rine  and  to  sympathetic  stimulation  (Bacq,  1936a)  has  been  interpreted 
by  Richter  ( 1940)  as  due  to  a  competition  by  these  phenols  for  the  sulfo- 
conjugation-inactivation  system.  The  augmentation  of  epinephrine  action 
is  due  therefore  to  antagonism  for  a  “detoxication  ’  system.  That  this  is  a 
unique  instance  of  metabolite  displacement  is  so  not  because  of  the  infre¬ 
quency  of  such  reactions  but  because  it  is  one  of  the  first  of  its  t\pe  to  be 
studied.  “Detoxication”  reactions  are  frequently  of  the  variety  in  which 
conjugation  with  glucuronic  acid,  ethereal  sulfate,  glycine,  cysteine  and 
rarely  glutamine,  occurs.  In  general,  the  conjugation  results  in  the  produc¬ 
tion  of  a  chemical  with  physiological  or  pharmacological  properties  distinct 
from  those  of  the  unconjugated  form.  Blockade  of  any  of  these  metabolic 
sequences  would  naturally  materially  alter  the  biochemical  significance  of 

the  foreign  molecule  under  consideration. 

Bacq  (1936a)  raises  an  objection  to  the  concept  promulgated  by  Richter 
(1940).  Resorcinol,  which  is  conjugated  to  form  an  ethereal  sulfate  as 
readily  as  catechol  or  pyrogallol,  does  not  sensitize  to  epinephrine  even  i 
present  in  concentrations  far  exceeding  that  at  which  catechol  is  active. 
While  this  is  a  factor  for  resolution,  one  interpretation  might  be  that  re¬ 
sorcinol  does  compete  for  the  sulfoesterase  reaction  site  but  that  this ;  effect 
is  obscured  by  simultaneous  function  as  a  metabolite  displacer  f 
sympathetic  system  effector  site.  Another  interpretation  would  be  that  the 
compound  in  vivo  potentiates  the  action  of  phenolases  upon  the  epineph- 

rine. 

Adrenolytics 

In  accordance  with  the  concept  that  effector  cell  reaction  ste are  similar 
to  .hose  on  enzyme  surfaces,  it  is  logical  to  assume  that  there  will 
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large  number  of  molecules  capable  of  displacing  “trigger”  molecules  from 
reaction  sites.  In  the  case  of  the  sympathetic  nervous  system,  there  are  a 
host  of  such  compounds.  Nickerson  (1949)  has  recently  reviewed  the  field. 
Our  problem  concerns  the  possible  integration  of  these  drugs  into  the 
sphere  of  metabolite  displacement. 

One  major  difficulty  in  a  consideration  of  this  field  lies  in  the  apparent 
variation  in  structure  of  the  effector  cell  reaction  site.  Stimulation  of  the 
sympathetic  nervous  system  elicits  certain  responses  and  in  no  single  in¬ 
stance  are  all  of  these  blocked  by  any  one  adrenolytic.  Dibenamine,  for  in¬ 
stance,  a  typical  member  of  the  /3-chlorethylamine  series  of  adrenolytics, 
has  no  effect  upon  the  excitatory  response  of  the  heart  to  epinephrine 
(Hunt,  1949).  The  receptors  of  the  heart  apparently  differ  from  those  of 
muscle  effectors  where  dibenamine  does  exert  an  antagonistic  effect  against 
epinephrine. 

Another  confusing  aspect  is  the  interaction  of  drugs  in  the  general  cate¬ 
gory  of  sympatholytics.  While  such  interaction  was  to  have  been  anticipated 
by  virtue  of  structural  similarities,  the  confusion  lies  in  interpretation  of 
results.  As  an  example,  piperidinomethyl-3-benzodioxane  (933F)  prevents 
dibenamine  from  blocking  the  vasopressor  effect  of  epinephrine,  a  fact 
interpreted  by  Seed  and  McKay  ( 1949)  as  due  either  to  a  chemically  medi¬ 
ated  destruction  of  dibenamine  by  933F  or  to  the  fact  that  the  benzodiox- 
ane  derivative  protects  the  epinephrine  receptors  from  the  dibenamine. 
This  may  be  an  instance  in  which  a  weaker  displacer  interferes  with  the 
action  of  a  stronger.  Another  example  is  the  effect  of  a  sympathetic  depres¬ 
sor  compound  such  as  the  isopropyl  homologue  of  epinephrine,  which  con¬ 
verts  to  a  pressor  effect  the  depressor  response  to  epinephrine  induced  by 
an  adrenolytic  drug  (Corel  and  van  Dyke,  1949).  Moreover,  the  depressor 
sympathetic  compound  does  not  produce  its  customary  effect,  a  phenome¬ 
non  designated  by  its  discoverers  as  tapenolysis.  Coret  and  van  Dyke  offer 
m  explanation  of  their  observations  the  hypothesis  that  vascular  smooth 

Svmn  th  tS  S^mpathetlC  reactlon  sites  whi<*  are  excitatory  and  inhibitory 
Jth  ho  h  p  druSs  can  react  predominantly  with  either  of  these  or  equally 

hibitorv  ;nHPmeP  ,ne  rtS  Whh  b°th’  is°Pr°Py^Pinephrine  with  the  in¬ 
hibitory,  and  norepinephrine  with  the  excitatory.  The  adrenolytic  dnm 

biocks  most  of  the  excitatory  sites  but  none  of  the  inhibUo^y  FoUowW 

fore  exerts  rclstomrr7pressor%rctCtl0n  WUh  epinePhrine’  wh^  there: 

tholytic 
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agents  into  other  systems.  Typical  of  this  overlap  is  the  cholinesterase  in¬ 
hibitory  capacity  of  /^-chlorinated  amines  such  as  dibenamine  (Bain,  1950) 
and  the  partial  antihistaminic  potency  of  other  /3-chloroethylamines  (Loew 
and  Micetich,  1948;  1949). 

Finally,  the  observation  by  Wells  and  Rail  (1948)  indicating  inhibition 
of  the  pressor  action  of  2-(  1-naphthylmethyl)  imidazoline  HC1  by  N-(2- 
bromoethyl)-N-ethyl-l-naphthalenemethylamine  HBr  mirrors  the  com¬ 
plexity  of  the  interacting  forces  at  play  in  the  relative  effects  of  sympatho¬ 
mimetic  and  sympatholytic  agents. 

Parallel  experiments  demonstrating  antagonistic  effects  of  structurally 
related  molecules  were  conducted  by  Modem  and  Thienes  (1936)  who 
found  that  propadrine  and  d-synephrine  blocked  the  action  of  epinephrine 
on  smooth  muscle,  whereas  d-metasynephrine  did  not.  The  earliest  report 
of  inhibition  of  one  sympathomimetic  agent  for  another  was  that  of  Abder- 
halden  and  Slavu  in  1909  when  they  observed  that  d-epinephrine  protected 


mice  against  the  1-isomer. 

A  detailed  listing  of  reported  instances  of  competitive  blockading  mech¬ 
anisms  is  not  within  the  scope  of  this  volume  but  reference  is  made  to  othei 
observations  on  the  antagonisms  of  one  sympathomimetic  amine  for  an¬ 
other  (Hambourger  and  Jamieson,  1936;  Malorny  and  Orzechowski,  1940) 
and  to  the  adrenergic  power  of  some  phenylethylenediamines  and  phenyl- 
hydrazines  (Benoit  and  Bovet,  1942;  Bovet  et  al.,  1942). 

Nickerson  and  Goodman  (1947)  proposed  that  dibenamine  and  similar 
compounds  function  by  irreversibly  inactivating  a  hypothetical  enzyme 
system  essential  for  excitatory  responses  of  effector  cells  to  epinephrine  or 

other  sympathomimetic  agents.  .  ,  .  .  , 

Later,  this  same  group  (Nickerson  and  Nomaguchi,  1948)  substantiated 

their  contention  by  demonstrating  that  dibenamine  does  not  prevent  pene¬ 
tration  of  sympathomimetic  amines  to  their  site  of  action  nor  does  it  para¬ 
lyze  the  contractile  mechanism  of  smooth  muscle  cells.  Elimination  of  th 
two  possible  loci  of  action  leaves  that  of  specific  combination  by  he 
compound  at  the  site  of  normal  effect  of  a  sympathomimetic  agent  on  the 
celT  The  possibility  would  remain  that  competitive  antagonism  may  occur 

during  the  establishment  of  the  irreversible  blockage.  _  .  . 

Pineridinomethyl-3-benzodioxane  and  ergotamine  manifest  competitive 
anSffTSnephrine  over  a  wide  range  of  concentrations  (Abdon 

and  Hammarskjold,  1940-41;  Gaddum,  -  ,  e  characteristics  of  the 
A  review  of  the  chemical  and  pharmacological  characteristics 

entire  series  of  compounds  functioning  as  Sy ; j  ’  es  "  ben zo- 

that  all  types — /2-chloroethylamines,  ergot  alkaloids  inudaz  . 

dioxanes,  yohimbine  P^^cT^cem  ent  of  *e  amine-alcohol  con- 
mechanism  associated  with  t  c  I  m  lhetic  systent  effector 

figuration  of  epinephrine  from  a  receptor  of  a  sympathetic  syst 
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cell.  With  some  adrenolytics  the  reaction  is  reversible  and  truly  competi¬ 
tive;  with  others,  such  as  the  /Tchloroethylamines,  it  is  irreversible  and 
probably  associated  with  chemical  combination  with  the  same  amine- 
alcohol  receptor.  The  sympatholytic  effects  of  diethylaminoethanol  fit  well 
into  this  pattern  (Rosenberg  et  al.,  1949;  Freis  et  al.,  1949). 

The  most  promising  clinical  application  of  the  adrenolytic  or  sympa¬ 
tholytic  agents  lies  in  the  field  of  hypertension.  Nickerson  (1950)  in  his 
general  review  concludes  that  the  present  use  in  neurogenic  hypertension 
is  effective.  While  currently  this  limits  the  field  to  hypertension  associated 
with  pheochromocytoma  and  intracranial  lesions,  it  is  Nickerson’s  opinion 
that  future  developments  will  find  the  adrenolytics  used  in  prophylaxis  as 
well  as  therapy.  He  favors  the  /S-haloalkylamines  over  the  dihydro  ergot 
alkaloids  and  the  imidazolines. 

In  conclusion,  the  chemical  basis  of  the  adrenergic  blockage  by  diben- 
amine  and  similar  agents,  emphasized  by  Nickerson  and  Gump  (1949). 
merely  places  these  drugs  in  the  category  of  irreversible  noncompetitive 
displacers  (fluorophosphates,  the  mercurials,  and  similar  chemicals)  and 
in  no  sense  eliminates  them  from  consideration  as  biological  antagonists. 


Pharmacological  Agents  Altering  Enzymatic  Mechanisms  Associated 

with  Histamine 

Histidine  Decarboxylase 

Histidine  is  an  essential  amino  acid  by  virtue  of  the  inability  of  the 
animal  organism  to  synthesize  the  imidazole  nucleus.  This  constitutes  proof 
of  the  origin  of  histamine  from  the  nutrilite,  as  no  other  imidazole  source 
is  available  Chapter  9  reviews  the  literature  on  histidine  and  its  metabolite 
analogues  but  we  are  here  considering  the  enzyme,  histidine  decarboxylase, 
wh.ch  decarboxylates  the  amino  acid  and  forms  histamine.  The  activity  of 

kTofTf  et0re  b£  °ne  °f  'he  controlling  Actors  in  the  concentra- 

tion  of  histamine  at  a  given  site. 

Werle  (1936)  first  described  the  formation  of  histamine  from  histidine 
by  tissue  slices.  The  enzyme,  histidine  decarboxylase,  was  later  found  in 

we're  Confirmed  b^Holtz 'and'^Heise  ^  ^  ^ 

hy  ,e  enzyme;  it  ttachs  *  *"» 

udies  of  the  inhibition  of  histidine  decarboxylase  are  few  Werle  M  94?  ^ 

an^shntla^co^prju^s^Su^sequenth^st^d^*3^6^8*311'11^’ 

0949)  in  which  they  observed  the  effec  f  made  by  Bci'er  et  aL 

compounds  and  agents  structurally  related  to  hisS  ’T Phen°‘iC 
antagonists  proved  effective  In  f  J,  1  „  J.'  None  of  lhe  vitamin 

metabolite  antagonists  of  folic  acid' and  thi  a"d  pyrithiamine. 

one  acid  and  thiamine  respectively,  actually 
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stimulated  enzymatic  activity.  This  finding  was  interpreted  as  due  to  the 
presence  in  the  tissue  of  enzymes  which  attacked  histidine  in  some  other 
manner.  Blocking  these  enzymes  would  prevent  destruction  of  histidine  and 
increase  substrate  concentration  for  histidine  decarboxylase  action.  Werle 
( 1942)  had  previously  reported  that  thiamine  inhibited  the  action  of  histi¬ 
dine  decarboxylase. 

Phenolic  compounds  were  effective.  The  extent  of  inhibition  caused  by 
these  compounds  was  dependent  on  the  number  of  hydroxyl  groups  present 
and  activity  was  restricted  to  phenolic  hydroxyl  since  inositol,  a  compound 
rich  in  nonphenolic  hydroxyls,  was  completely  ineffective. 

Of  the  compounds  tested,  /3-2-thienylalanine  bore  the  greatest  structural 
similarity  to  histidine  and  it  was  an  effective  antagonist  in  concentrations  of 
1.0  mg.  per  ml. 

Several  flavonoid  compounds  inhibit  the  action  of  histidine  decarboxylase 
in  vitro  and  also  potentiate  the  action  of  ascorbic  acid  as  an  antagonist 
(Martin  et  al.,  1949).  The  effect  of  the  flavonoids  was  tentatively  associated 
with  their  ability  to  form  quinones  and  react  with  sulfhydryl  groups  as  pro¬ 
posed  by  Bartlett  (1948).  Of  the  series  tested  in  vitro,  d-catechin  was  by 
far  the  most  powerful,  producing  a  40  per  cent  inhibition  in  a  concentration 
of  0.01  mg.  per  ml. 

If  this  enzymatic  inhibition  occurred  in  vivo,  d-catechin  should  prevent 
the  formation  of  histamine  or  at  least  reduce  it  and  so  eliminate  or  modify 
anaphylactic  shock.  d-Catechin  injected  intraperitoneally  at  levels  of  5  mg. 
per  kilogram  of  guinea  pig  does  in  fact  stop  anaphylactic  shock  (Moss  et  ah, 
1950) .  "in  this  same  study,  it  was  found  that  catechin  had  no  significant 
capacity  to  prevent  the  pharmacological  action  of  histamine. 


Histaminase 

Diamine  oxidase  which  constitutes  one  mechanism  for  the  destruction  of 
histamine  was  discovered  in  1929  by  Best.  Zeller  (1942)  demonstrated  the 
lack  of  specificity  of  the  enzyme,  fisting  as  substrates:  ethylened.amine 
trimethylenediamine,  putrescine,  cadavenne,  sperm.dtne,  homologues 

spermidine,  spermine,  agmatine,  and  histamine. 

Zeller  <1938,  1938a,  1940,  1941,  1942)  has  extensively  studied  the 
inhibition  of  diamine  oxidase.  The  competitive  antagonism  of  arca.ne  and 
spermine  with  histamine  for  a  reaction  site  on  the  oxidase  was  to*portri 
bv  him  (Zeller  1938a).  In  that  same  year,  he  (Zeller,  1938)  o  . 
d  sp^ement  capacity  of  guanidine  and  its  derivatives  it ,  this .ystenn  Th 
inhibitory  power  of  the  diguanidines  increased  with  the  degr  ofnthyD 
lion,  decamethylenediguanidine  being  ^e  inost  powerftd.  H  r  a  aim  ,  e 
antagonism  was  of  the  competitive  type.  Then  in  1940  Zeller  et  al., 

ephedrine  and  curare  to  the  list.  ,  iy  and  Pechmann 

The  most  recent  study  of  diamine  oxidase  is  that  of  Werle  and 
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Table  1 1 


Inhibitors  of  Diamine  Oxidase 


Compound 

Substrate 

Inhibitory 

Effect 

Reference 

Spermine  . 

Histamine  and 
other  dia¬ 
mines 

+ 

Zeller,  1938 

Arcaine  . 

tt 

+ 

tt  tt 

Cyanide  . 

it 

+ 

tt  tt 

Semicarbazide . 

Monoamines  . 

tt 

+ 

tt  tt 

Methylamine . 

Amylamine  . 

:i  " 

+ 

Zeller,  1942 

Choline  . 

tt 

+ 

Zeller,  1940 

Ephedrine  . 

tt 

+ 

Zeller  et  al„  1940 

Guanidine  . 

tt 

+ 

Blaschko,  1939 

Imidazole . 

tt 

+ 

Zeller,  1941 

Methyl-  and 

dimethylguanidine  .  . 

tt 

+ 

Zeller,  1938 

Diguanidines . 

tt 

+ 

Methylene  blue . 

tt 

+ 

McHenry  &  Gavin,  1935 

Pyocyanin. 

Toluene  blue . 

tt 

+ 

Zeller,  1938 

Thiamin . 

tt 

+ 

Sullman  &  Birkhauser,  1939; 

Edlbacher  &  Becker,  1940 

Mepacrine  hydro- 

chloride  . 

Cadaverine 

+ 

Blaschko  &  Duthie,  1945b 

Aromatic  amines . 

.  Cadaverine  or 
histamine 

+ 

Werle  &  Pechmann,  1949 

p-Aminomethyl- 

tt 

+ 

phenylsulfonamide 

tt  tt  “ 

Caffeine . 

tt 

+ 

tt  “  “ 

2-Phenylbenzylamino- 

tt 

+ 

methylimidazoline 

tt  “ 

Dimethylaminoethyl- 
benzylaniline . 

tt 

+ 

Keeser,  1939 

tt 

+ 

Prostigmine . 

tt  “ 

Potassium  salts . 

tt 

+ 

tt  « 

Ascorbic  acid . 

tt 

+ 

Ergotamine  . 

tt 

+ 

tt  “ 

tt 

Stimulates 

Atropine 

+ 

Satake  &  Sibata,  1940 

L-Histidine  . 

«  “ 

Amino  acids 

tt 

+ 

Histamine 
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(1949)  who  confirming  the  inhibitory  activity  of  aliphatic  monoamines 
(Zeller,  1942)  found  that  the  capacity  decreased  from  primary  to  quaternary 
compounds.  Aromatic  amines  proved  to  be  weak  displacers.  A  point  of 
great  interest  reported  in  this  same  paper  is  the  competitive  inhibition 
caused  by  the  antihistaminics  such  as  2-phenylbenzylaminomethylimidazo- 
line  and  dimethylaminoethylbenzylaniline. 

Natural  inhibitors  of  histaminase  are  found  among  the  amino  acids  with 
histidine  being  the  most  specific  (Satake  and  Sibata,  1940).  Inhibitors  are 
therefore  known  which  may  be  classified  in  the  natural  and  synthetic  class. 
This  being  true  the  question  immediately  arises  as  to  the  biological  sig¬ 
nificance  of  diamine  oxidase. 

Zeller  (1942)  reviews  the  physiological  role  of  diamine  oxidase.  In  the 
mammalian  organism,  histamine  is  formed  by  the  action  of  histidine  de¬ 
carboxylase  within  the  body  and  by  bacterial  action  in  the  gastrointestinal 
tract.  Diamine  oxidase  is  largely  responsible  for  the  destruction  of  this 
powerful  depressor  agent.  Histamine  is  not  the  only  diamine  formed;  in 
certain  states  (toxemia  of  pregnancy,  parathyroidectomy  in  dogs,  cystinuria) 
both  cadaverine  and  putrescine  are  found  in  the  urine.  Zeller  feels  that  the 
high  concentration  of  diamine  oxidase  in  the  gut  wall  is  for  the  destruction 
of  diamines  formed  by  bacterial  action  in  the  gut. 

Furthermore,  Zeller  contends  that  diamine  oxidase  is  coupled  with  the 
processes  of  reproduction,  particularly  in  that  spermine,  which  occurs  in 
sperm,  is  a  substrate  for  the  oxidase.  In  addition,  toxemia  of  pregnancy 
which  Zeller  associates  with  histamine  formation  may  be  due  to  a  failure 
in  the  activity  of  the  destructive  oxidase.  One  very  interesting  interrelation¬ 
ship  is  brought  out  by  Zeller.  Choline  blocks  diamine  oxidase  and  is  a 
product  of  the  action  of  cholinesterase;  agmatine  and  cadaverine  which  are 
substrates  for  diamine  oxidase  block  cholinesterase.  This  is  probably  an¬ 
other  manifestation  of  biological  relativity. 

It  is  safe  to  state  that  those  conditions  generally  associated  with  excessive 
histamine  formation  such  as  shock,  perennial  hayfever,  etc.  will  be  modified 
in  their  severity  by  proper  activity  of  diamine  oxidase. 

Antihistamines 

ca&Xs'  ph:rmaco,o8i- 

opposed  totiL  -rrs 
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Fig.  6 — (Continued) .  Antagonists  of  histamine. 

intestine;  included  among  these  are  histidine,  arginine,  and  cysteine  (Edl- 
bacher,  Jucker  and  Baur,  1937).  Proline,  ornithine,  and  leucine  have  some 
activity.  The  antagonistic  effect  manifested  by  these  amino  acids  was  re¬ 
versible  in  all  cases.  Confirmation  of  the  work  of  Edlbacher  et  al.  (1937) 
was  offered  by  Credner  and  Schumrick  (1943),  Sibata  (1940),  Mackay 
(1938),  and  Halpern  (1939). 

Ackermann  and  Wasmuth  (1939),  using  the  same  test  system,  reported 
that  m  addition  to  the  foregoing  amino  acids,  carnosine,  certain  guanidine 
envatives,  and  polyamines  inhibited  the  action  of  histamine.  The  con- 

re,fched  by  Hermann  and  Wasmuth  (1939)  and  Ackermann 
(1939)  that  the  =  NH  group  in  the  guanidines  and  secondary  amines  ex- 
i  i  e  competitive  antagonism  on  a  mass  action  basis  with  the  rin<*  =  NH 
of  h.siamme  for  a  reaction  site  on  a  receptor  cell.  Using  another  test  system, 

histarZeabv‘S  Ulen'S’  JadaSS°hn  et  aL  (,943>  ob^rved  antagonism  of 
rami™  Th  tnT’  SPermme-  sPermidine,  arginine,  and  triethylenetet- 

antagonized  dieoff  Hf  WUS  nonsPecific  as  these  substances  also 

Daily  injections  of  1  cc. 

S  s  xsrs.-s:  2 ;  ssfarsS 

£  "T  T  “ •'  — ; 

the  activity  of  arginine  and  hktid'  problem.  First  they  corroborated 

intestinal  strip  technic  Then  hcv  d  a"‘a®?,is*s  for  histamine,  using  the 

guinea  pig  and  found  that  the  effecTof  theTr™™  l'61™  °f  3  sensitized 
the  two  amino  acids.  Final  v  thev  d  f "  WaS  b'°cked  ^  either  of 

pigs  prevented  histamine  deaths  whenTh  that  pretreatment  of  guinea 
cardially.  A  parallel  exDerimem  J  .  depreSS°r  baSe  was  intra- 
of  arginine  against  anaphylactic  shocTfaufd°  dCm°nS‘rate  protective  action 

histamine,  which  hl^nsi^red  Is^modef^f  ^  .C0mpOunds  derived  from 
series,  he  added  compounds  of  histidine  ,1°'  b°U"d  hlstamine-  To  this 
pounds  on  isolated  guinea pig  “TV*  a"d  ‘^ed  al.com- 

tamine  Hci,  "ih'’ 
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Table  II I 


Antagonists  of  Histamine 


Compound  Test  System  Activity  Reference 


Vasoconstrictors  . 

Atropine . 

Arginine . 

Histidine . 

Cysteine  . 

Guanidine  . 

Carnosine . 

Arcaine . 

Agmatine  . 

7-Guanidobutyric  acid 

Canavanine  . 

Spermidine . 

Spermine 

Creatine 

Creatinine 

asym-Dimethylguanidine 

1(3)-Methylhistidine 

Anserine . 

Triethylenetetramine 

Benzoyl-l-arginine 

Benzoyl-l-arginine- 

amide 

Acetyldehydrophenyl- 
alanylhistamine 
Acetyl-DL-phenyl- 
alanylhistamine 
Imidazole . 

Theobromine . 


Intestine  strips  + 

“  + 

“  + 

“  + 

“  + 

“  + 

“  + 

“  + 

“  + 

“  + 

+ 

“  + 

+ 

44  _ 

44  _ 

44  _ 

44  _ 

44  _ 

Guinea  pig  uterus  + 

Guineapig  intestine  + 

“  + 

+ 

+ 

“  + 

Bronchi  of  sensi-  + 

tized  guinea  pigs 


Hill  and  Martin,  1932 

44  44 

Edlbacher,  Jucker 
and  Baur,  1937 

44  44 

44  44 

44  44 

Ackermann  &  Wasmuth, 
1939 

44 

44 

44 

44 

44 

44 

44 

44 

44 

44 

44 

Jadassohn  et  al.,  1943 
Rocha  e  Silva,  1944 

44 

44 

44 

Morris  &  Dragstedt, 
1945 

Emmelin  et  al.,  1941 

44 


Theophylline  . 

Caffeine 

N,N-Diethyl-N'-phen.yl- 

N'-ethyl  ethylenediarmne 

Thymoxyethyldiethylamine 

Piperidinomethyl- 

benzodioxane 

Thephorin 

Antergan  . 

Neo-antergan . 

Benadryl 

10-(2-Dimethylamino- 
isopropyl )  -phenothiazine 


44 


In  vivo 


Guineapig 
In  vivo 


44 


+ 

+ 

+ 

44 

Bovet  &  Staub,  1937 

+ 

44 

intestine 

+ 

Ungar  et  al.,  1937 

“1" 

Lehmann,  1947 

+ 

Halpern,  1942 

+ 

Bovet  et  al.,  1944 

+ 

Loew  et  al.,  1945 

+ 

Vallery-Radot  et  al.. 

1947 

Histamine 
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N — CH2 — CH2 — N  ( CH3 )  2 
Co  Hr, 


2325  R.P. 


N — CH. — CHo — N  ( CH3 )  2 

CHo 

rrA, 


OCHa 


Neo-antergan 


N— CH — CH — N(C2H5)2 

I 

CoH5 


1571  F 


N— CHo— CHo— N  ( CH3 )  2 
CH. 

I 


Antergan 


CH— O— CHo— CHo— N  (CH3 ) . 


Benadryl 

/^-dimethylaminoethylbenzhydryl  ether 


_  .  ' 

10-(2-Dimelhy!aminoisopropyl)-phenothiazine  /fait- 

Fig.  7.  Antagonists  of  histamine. 
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histamine  derivatives  showed  a  potency  of  the  order  of  magnitude  of  histi¬ 
dine  HC1  and  benzoyl-l-arginineamide.  Rocha  e  Silva  concludes  that  his  re¬ 
sults  agree  perfectly  with  those  of  Ackermann  (1939)  and  establish  the  view 
that  the  inhibitory  effect  of  arginine  and  histidine  depends  upon  a  competi¬ 
tion  between  the  imino  group  of  these  amino  acids  and  the  like  group  of 
histamine  for  its  reaction  site  on  the  cellular  receptor. 

Before  turning  entirely  to  the  synthetic  metabolite  antagonists  of  hista¬ 
mine,  we  must  consider  briefly  those  molecules  structurally  related  to  the 
depressor  amine  and  possessing  similar  pharmacological  activity.  Lee  and 
Jones  (1949)  investigated  a  series  of  compounds  with  a  /3-aminoethyl  side 
chain  attached  to  an  aromatic,  heterocyclic,  nitrogen-containing  nucleus. 
There  was  no  correlation  between  the  basicity  of  the  two  nitrogen  centers 
of  the  compounds  and  their  activity.  They  did  reach  the  conclusion  that 

for  histamine  activity  either  the  structure  — N=C — CH2 — CH2 — NH2  or 

— N_ c_ cH2— CH2— NH2  must  be  in  the  molecule.  One  or  the  other  of 
these  structures  was  present  in  some  11  different  molecules,  all  showing 
histamine  activity.  It  is  unfortunate  that  the  12  or  more  structural  analogues 
which  did  not  manifest  histamine  potency  were  not  tried  as  antihistamines. 
Closely  related  molecules  such  as  /3-phenylethylamine  possess  a  pharma- 
colQgical  activity  which  is  diametrically  opposed  to  that  of  histamine. 


The  simplest  synthetic  which  is  an  effective  antihistamine  is  imidazole 
(Morris  and  Dragstedt,  1945),  which  at  levels  of  128  mg./kg.  reduces  by 

60  per  cent  the  action  of  the  depressor  amine. 

The  methylated  purines  comprise  another  group  of  molecules  effective  as 
_  .  ...  .i _ i _ : _ _ wprp  nrtive  in 


mg./kg.  proiecieu  guinea  - 

tamine  and  against  anaphylactic  shock.  Whi  e  t 
true  antihistamines,  Ungar,  Parrot,  and  Bovet 

found  piperidinomethylbenzodioxane  effective  in 


blocking  histamine  on  the 
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isolated  intestine  of  the  guinea  pig,  and  shortly  thereafter  Vallcry-Radot  et 
al.  (1942)  discovered  the  antagonistic  power  of  diethylaminomethylbenzo- 
dioxane  for  histamine. 

During  1940  the  Rhone-Poulenc  Laboratories  of  France  extensively  in¬ 
vestigated  antihistamines  and  finally  settled  on  Antergan  which  is  N,N- 
dimethyl-N'-phenyl-N'-benzylethylenediamine  as  the  molecule  with  the  best 
therapeutic  index.  The  organization  marketed  the  compound  in  the  same 
year. 

In  recent  years,  many  new  antihistamines  have  been  discovered  and 
marketed,  including  Pyribenzamine,  Thenylene,  Diatrin,  Chlorothen,  An- 


tistine,  etc.  All  are  modifications  of  the  basic  structures  discovered  by  the 
French,  excepting  Thephorin  (Lehmann,  1947)  which  represents  a  de¬ 
parture  from  the  customary  pattern  and  possesses  useful  properties  for 
clinical  application. 

While  a  review  of  the  field  of  synthetic  antihistaminics  is  not  within  the 
province  of  this  volume,  some  abstracts  from  this  voluminous  literature  may 
facilitate  orientation  in  the  field.  Halpern  (1942)  compared  the  power  and 
specificity  of  a  large  series  of  histaminolytic  agents.  He  found  that  Anter»an 
was  15  times  more  potent  than  2325  RP  and  150  times  stronger  than  1571 
F.  The  compound  1571  F  differs  from  2325  RP  only  in  the  replacement  of 
a  diethyl  moiety  by  a  dimethyl,  and  yet  the  potency  is  stepped  up  by  a  factor 
of  ten.  Antergan  differs  from  2325  RP  only  in  the  substitution  of  a  benzyl 
or  an  et  y  radical.  For  additional  structure-potency  comparison,  Neo- 
antergan,  which  is  the  most  powerful  drug  of  this  type  with  specificity 
(Bovet  et  al  1944),  compares  with  Antergan  except  in  the  replacement 

~  .hTr:::.’  *»'“"•  -  “■  *>  «•  —» *  • 

locIlhLt,r.iics°ly!,tiCt  a8entS  PrSSeSS  in  varying  degree  lhe  Characteristics  of 

r  £ Sp- » fTC=£’  r  «S5 

of  the  °.  an  lst,amines  using  thymoxyethyldiethylamine.  As  an  example 
mines  10  pT T' *“■  (anIiacetylcholine  action)  of  some  antihista- 
mogenic  effect  suPpresscs  the  spas- 

as  test  system  (Herxheimer  1949 )  'simllaTs"^116  b,r0"chloles  of  Patients 
power  of  histaminolytics  hive  been Zi  bv  £“  ,hf  “‘acetylcholine 
and  Sherrod  et  al  (1947)  Thenh  •  7-  ews  anc^  Graham  (1946) 

p— ,,  u'sati  <■  on?), 

emphasis  on  overlap  in  pharmacological  ac  T  Pr°perties-  This 

acetylcholine^ 

■sysumis  possess  only  relative,  no,  absZ  spS,'^  a"  °ther  b,°'°giCal 
’  CTer’  "°  direC'  COrre,at'°"  between  sympatholytic  power 


54 


Pharmacological  Aspects 


and  any  other  pharmacological  activity  of  these  drugs.  Furthermore,  these 
agents  do  not  achieve  their  effect  by  eliciting  pharmacological  actions  op¬ 
posed  to  those  of  histamine.  Again,  they  do  not  enhance  the  activity  of 
histaminase  nor  do  they  chemically  combine  with  histamine  (Staub,  1939). 
There  is  no  interference  with  antibody  production  (Mayer  et  al.,  1946) 
but  there  may  be  blockage  of  antigen-antibody  reactions  (Vallery-Radot  et 
al.,  1947a). 

Attempts  to  delineate  the  mechanism  of  action  of  Benadryl  led  Wells  et 
al.  (1945)  to  conclude  that  direct  competition  between  histamine  and  the 
antagonist  for  a  given  site  of  action  or  receptive  substance  occurred.  The 
phenomenon  was  considered  as  one  of  displacement  of  histamine  from  its 
reaction  site.  Furthermore,  the  antagonism  was  competitive  in  nature.  The 
technic  used  by  these  investigators  involved  the  determination  of  blood 
pressure  drop  in  the  absence  of  Benadryl,  and  then  duplication  of  that  drop 
in  the  presence  of  varying  amounts  of  the  antihistamine.  The  necessity  for 
the  utilization  of  such  an  involved  technic  lies  in  the  fact  that  the  dose- 


effect  curve  of  histamine  is  not  linear.  The  difference  between  the  two  doses 
producing  identical  blood  pressure  fall  was  in  their  studies  considered  to  be 
a  true  reflection  of  the  amount  of  histamine  blocked.  With  the  values  de¬ 
termined  experimentally  they  plotted  the  effective  concentration  of  Benadryl 
against  the  per  cent  inhibition  of  histamine  and  got  a  curve  which  was 
compatible  with  the  Langmuir  adsorption  isotherm. 

The  conclusions  of  Wells  et  al.  (1945)  were  placed  on  a  firm  basis  by  the 
concurrence  of  Halpern  and  Mauric  (1946),  Gaddum  (1948),  and  Gilman 
(1948).  One  phenomenon  associated  with  antihistamines  is  their  inabi  lty 
to  interfere  with  the  normal  secretion  of  gastric  hydrochloric  acid  or  wit 
its  increased  production  after  the  injection  of  histamine  (Sangster  et  al., 

1946).  Furthermore,  they  do  not  modify  materially  the  toxic  effects  re¬ 
sulting  from  the  administration  of  trypsin  (Wells  et  al.,  19  )•  en  on 

considers  the  probable  similarity  of  the  pharmacological  over*^ 
sites,  it  is  not  beyond  logic  to  expect  that  receptor  points  of  ■ effec  or  cells  ^ 
one  pharmacological  system  such  as  the  histamine,  will  vary, 
as  the  probable  explanation  of  the  failure  of  histaminolytic  agents  to 

gastric  secretion.  .  f  ,  Hknlacement  theory  of  histamino- 

Another  strong  point  in  favor  of  the  displacement  uieuiy 
Anoiner  suuiifc  p  p  M945  1947),  who  determined 

lytic  action  comes  from  the  work  of  Pellerat  ( Wh,  >  ■'  . 

concentrations  of  histamine  and  antihistamine  m  the  Wood I  of  P»~ 

treatment.  He  found  that  after  ingestion  or  mjec ion  of  An tergan  «N~ 

antergan  the  blood  histamine  micrograms  of  hista- 

ample,  he  reported  an  in  thc  piasma  of  one  patient  to  a 

mine  in  total  blood  and  30  m  &  £  154  micrograms 

total  blood  level  of  335  micrograms  and  a  same  in- 

one  day  after  the  administration  of  0.5  grams  of  the  drug. 
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creases  were  noted  following  the  use  of  several  other  typical  antihistaminic 
agents.  Pellerat  concluded  that  the  histaminolytic  had  displaced  the  hista¬ 
mine  from  the  tissue  receptor  sites  and  that  this  histamine  appeared  in  the 
blood. 

Pellerat  (1945,  1947)  also  offered  a  most  ingenious  proposal  in  ex¬ 
planation  of  the  so-called  “histaminoid”  reactions  following  the  use  of  anti¬ 
histamines.  He  suggests  as  an  example  that  the  skin  of  a  patient  with 
urticaria  might  well  be  more  susceptible  and  fix  the  antihistamine  pref¬ 
erentially  to  histamine.  Free  blood  histamine  would  increase  and  while 
there  would  be  some  histaminolytic  present  in  the  blood,  another  tissue  such 
as  the  bronchioles  might  be  more  receptive  to  histamine  than  to  the  antago¬ 
nist,  with  the  result  that  an  asthmatic  reaction  would  be  precipitated.  This 

asthmatic  reaction  would  correspond  to  the  so-called  “histaminoid”  phe¬ 
nomenon.  r 


One  of  the  more  recent  experiments  which  establishes  metabolite  dis- 
p  acement  more  firmly  as  the  basis  of  histaminolytic  action  is  that  of  Barany 
and  Nordqvist  ( 1949).  They  studied  the  effect  of  histamine  on  the  nerve 
block  caused  by  procaine  and  also  by  antihistaminics  and  found  that  a 

as  nroc  k  ““m  uby  3  h'stamino'yt'C  or  by  a  typical  local  anesthetic  such 
as  procaine  could  be  removed  by  washing  with  a  solution  containing  hista- 

blnrk  Urthe‘|n,0re’  lf  lmtamme  were  present  with  the  blocking  a»ent  no 

snffir-  retS“  ted  C,Ven  When  lhe  conccntration  of  blocking  agenT  was  quite 

establish  °th  'Ce  “  'f  aPPHed  a'°ne-  Whi'e  il  is  felt  that  ,his  technic 
block  and  thatT^™^  Capaclty  of  hlsta™ne  for  a  histaminolytic  nerve 

with  the  evidence  at  ffindTiT  C°mpetitive  antag°nism,  it  is  not  permissible 

of  reverSarof  procaine  Cenair  ‘  re'atiVe  ‘°  ‘he  mechanism 

thetics  and  if  local  anesthetics  of’the  lstaminolyt,c  a8ents  are  local  anes- 

mine,  there  is  a  probability  that  the  action  ofToV T ^  ^  reVersed.by  hista- 
be  correlated  with  their  antihistaminic  *  anesthetlcs  can  in  general 

block  technic  such  as  that  emnloved  h  TJ)°Wer  as  determined  by  a  nerve 
Still  another  (,949>- 

the  use  of  bacteria  as  test  systems  f n  tr  and  Krecek,  1949)  involves 

effect  of  the  antihistamines  was  reversed^bTw  ytlCS‘  The  bacteriostatic 
work  was  interpreted  as  indicatina  ™  *•  ?  lstamine  or  thiamine.  The 

two  growth  factors,  thiamine  and^ist™156  lt,v^  metabolite  displacement  of 
will  be  most  interesting  that  thiamine  th TT'f  K  thlS  W°rk  is  confirmed,  it 
with  histamine  metabolism  in  bacteria  ”  meuntlc  Vltamin’  is  associated 


Biological  A„,ag„„isin  It  ReIa(es  ,he  pham 

T.  ,•  .  rC°"CS  and  Hypno«cs  8y 

The  line  of  demarcation  or  the  Doinr  of  h-  ,•  ■ 

a  ypnotic' and  a  narcotic  *■“- « -ose 
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pated  that  the  basic  phenomena  of  antagonism  elicited  in  one  system 
parallel  those  of  the  others.  The  prime  point  is  that  of  relative  selectivity 
for  the  central  nervous  system. 

There  are  four  major  categories  of  theories  for  narcosis: 

1.  Those  based  upon  the  concept  of  specific  solubility  of  the  anesthetic 
drugs  in  cellular  lipoids. 

2.  Those  emphasizing  alteration  in  physical  phenomena,  such  as  elec¬ 
trical  polarity  of  cerebral  cells. 

3.  Those  associating  changes  in  cell  metabolism  with  narcosis. 

4.  Those  proposing  modification  in  cellular  oxidative  processes. 

While  the  present  discussion  will  concern  categories  3  and  4,  we  do  not 

imply  that  the  others  have  no  merit;  rather  that  biological  antagonism  would 
more  logically  manifest  itself  in  alterations  of  cellular  metabolism  and 
perhaps  specifically  oxidative  processes. 


Barbiturates 

Barbiturates  have  become  broadly  used  as  sedatives  and  hypnotics.  They 
are  effective  and  in  general  side  effects  are  minimal.  Numerous  modifications 
of  the  basic  structural  unit  are  known  and  these  vary  in  dosage,  duration  of 
action,  and  aftereffects.  The  duration  of  action  is  probably  a  reflection  of 
the  speed  of  metabolism  of  these  agents  and  may  doubtless  be  profoundly 
affected  by  biological  antagonism. 

Quastel  and  Wheatley  (1932,  1934,  1938)  were  the  first  to  attempt  to 
explain  the  action  of  narcotics  as  being  a  reflection  of  their  effect  on  brain 
respiration.  Using  brain  slices,  they  demonstrated  a  reversible  inhibition 
exerted  by  barbiturates  and  other  agents  on  brain  respiration.  The  reversi¬ 
bility  was  established  by  washing  the  slices  in  a  phosphate-glucose-sahne 
medium.  The  inhibition  occurred  to  the  extent  of  70  per  cent  and  the  re¬ 
versal  was  complete.  The  oxidation  of  glucose,  lactate,  and  pyruvate  was 
blocked  to  a  greater  degree  than  that  of  succinate  or  glutamate. 

The  proposal  of  Quastel  and  Wheatley  associating  depression  ot  brain 
metabohsm> with  the  action  of  narcotics  was  challenged  by  Fuhrman  and 
Field  (1943)  who  contended  that  during  anesthesia  tic  concen  ra  i 
narcotic  a-cnts  in  the  brain  is  less  than  that  required  for  the  inhibition  of 
clucose  oxidation  in  vitro.  Such  results  would  have  to  be  carefully  chec  e 
and  extended  in  view  of  work  demonstrating  the  concentration  ol  diet  ly - 

‘barbituric  acid  in  the 

""yl  or*an 'aHyl^adfcafon  the  other  5-position,  the  inhibitory 
CaZom  efa?U9d39)  used  rat  liver  slices  as  substrate  and  found  that  there 
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was  a  reduction  in  the  uptake  of  oxygen  following  the  addition  of  barbitu¬ 
rates.  They  listed  the  compounds  tried  in  the  order  of  their  effectiveness 
as  follows:  Amytal,  pentobarbital  sodium,  Neonal,  Ortal  sodium,  pheno- 
barbital  sodium,  Evipal,  Alurate,  and  Dial.  The  anaerobic  reduction  of 
methylene  blue  by  the  liver  slices  was  also  inhibited.  This  tends  'to  show 
that  the  selectivity  for  brain  tissue  is  only  relative. 

In  the  final  analysis  in  vivo  determination  would  have  to  be  made  to 
ascertain  the  effect  of  barbiturates  on  brain  oxidation,  and  by  an  ingenious 
method  Wilkins  et  al.  (1949)  have  accomplished  this.  Using  a  dog  brain 
biopsy  technic,  they  found  that  0.04  per  cent  sodium  pentobarbital  de¬ 
pressed  oxygen  consumption  of  dog  cortex  and  that  concentrations  of  0.08 
and  0.12  per  cent  completely  suppressed  oxygen  uptake. 

Attempting  to  ascertain  the  basic  mechanism  of  barbiturate  action,  Eiler 
and  McEwen  (1949)  discovered  the  capacity  of  pentobarbital  to  inhibit 
the  aerobic  phosphorylation  reactions  of  brain  homogenates.  The  drug 
reduced  the  formation  of  high  energy  phosphate  bonds  only  to  the  extent 
of  blocking  the  utilization  of  oxygen.  These  effects  were  observed  when  the 
substrate  was  pyruvic  acid  but  not  when  succinic  acid  was  present.  The  fact 


that  the  oxidation  of  succinate  is  not  blocked  by  barbiturates  had  previously 
been  announced  by  Jowett  and  Quastel  (1937).  The  relation  of  these 
observations  to  the  use  of  succinate  as  an  analeptic  in  barbiturate  poisoning 
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injection  for  counteracting  pentobarbital  anesthesia,  and  correlated  the 
degree  of  diuresis  produced  by  the  chemical  with  its  antagonistic  potential 
for  the  barbiturate. 

Corson,  Koppanyi,  and  Vivino  (1945)  obtained  no  lifesaving  effect 
through  the  use  of  sodium  succinate  or  fumarate  in  dogs,  cats,  rabbits,  or 
rats  poisoned  with  short-  or  long-acting  barbiturate.  Furthermore,  they 
observed  no  significant  shortening  of  duration  of  anesthesia.  Additional 
negative  results  were  obtained  by  Schack  and  Goldbaum  (1949). 

The  only  clinical  report  to  date  is  that  of  Barrett  (1949)  who  found 
succinate  an  effective  analeptic  for  barbiturate  poisoning.  In  the  broadest 
sense,  the  pyruvic  acid  antagonism  of  barbiturates  can  be  said  to  support 
the  succinic  acid  work.  Westfall  (1946)  by  the  intravenous  injection  of 
pyruvic  acid  decreased  the  depth  of  depression,  shortened  the  sleeping  time 
but  did  not  materially  alter  the  total  depression  time  in  barbiturate  treated 
rabbits. 


The  probability  that  the  action  of  narcotics  is  associated  with  inhibition 
of  the  carbohydrate  metabolism  of  the  brain  gains  further  support  from 
observations  on  the  relationship  of  thiamine  to  barbiturate  anesthesia.  The 
involvement  of  this  vitamin  in  carbohydrate  metabolism  is  well  known 
The  first  recorded  work  (Higgins  and  Mann,  1943)  involved  the  use  of  a 
diet  free  of  vitamm-B  complex.  The  average  period  between  injection  of 
arbmirate  and  awakening  was  28.8  minutes  for  rats  on  a  standard  diet, 
67.7  mrnute8  when  the  animals  were  on  a  vitamin-B  complex  deficient  diet.’ 

he  figure  was  26.6  minutes  when  the  test  animals  received  the  vitamin-B 
complex  deficient  diet  properly  supplemented  with  B  factors.  While  this 

flomrlT  theKs™ult“eo>'s  elimination  from  the  diet  of  ail  B-complex 
factors,  ,t  is  probable  that  the  natural  cocarboxylase  form  of  thiamine 

played  a  role.  DeBoer  (1948)  found  that  simultaneous  administration  of 
thiamine  actually  increased  the  toxicity  of  barbiturates.  For  example  the 

injected  nPim  k  the"  lS°diUm  WaS  90  mg/kS'  while  for  thiamine 

barbtura  e  m  nWh-r  r  ?*  *°  mg'/kg-  Considcring  the  capacity  of 

, r  “ren(ts^ro:^c^ 

barbiturate  “  ‘°  a"‘ag0"is"'  concept  of 

vestigators  wem  aWe  to  collate  'lUSUHn  (,94l>-  ***  in- 

produced  by  phenobarbital  or  pentobarbi'tTin  ’th  'CVC'  W“h  ‘he  resPonse 
the  vitamin  level  the  less  the  .|~mo“arb,tal  ln  'he  guinea  pig.  The  higher 

relative  was  the  ST  ^  by  barbitura'«-  A  cor- 

manifested  a  greater  duration  of  s^sceptiMUvt  Y" V™  aSC°rbiC  acid 

"«>• -  -« zzszsvs: 
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reserve  of  ascorbic  acid  is  a  matter  of  disagreement  (Frommel  et  al.,  1945; 
Green  and  Musulin,  1941)  but  this  does  not  alter  the  picture  from  the 
standpoint  of  biological  antagonism. 

The  second  of  the  converging  lines  of  research  was  the  demonstration 
that  pentobarbital  inhibited  the  oxidative  metabolism  of  brain  in  vitro  at 
the  flavoprotein-cytochrome  b  stage  (Greig,  1946).  Then,  in  1947,  Greig 
reasoned  that  the  barbiturate  block  could  be  circumvented  by  introducing 
into  the  system  some  compound  with  the  proper  redox  potential  which 
could  be  reversibly  oxidized  and  reduced.  Ascorbic  acid  was  the  key  and  its 
effect  in  reducing  the  inhibition  by  pentobarbital  of  brain  carbohydrate 
oxidation  was  potentiated  by  cytochrome  c. 

All  of  these  threads  woven  together  indicate  blockage  of  carbohydrate 
metabolism  by  biogolical  antagonism  as  the  basis  of  action  of  barbiturates. 
The  specific  point  of  antagonism  and  the  identity  of  the  nutrilite  primarily 
displaced  must  await  further  work  but  the  probability  is  that  displacement 
of  some  B-complex  factor  from  its  function  as  a  coenzyme  may  well  be  the 


answer. 

That  barbiturates  have  actions  other  than  the  key  one  of  inhibition  of 
oxidation  mechanisms  is  to  be  anticipated.  No  drug  has  absolute  specificity 
— everything  in  the  pharmacological  world  is  relative.  In  keeping  with  this 
concept,  the  barbiturates  inhibit  cholinesterase  (Heim  and  Rohde,  1943, 
Schutz,  1943),  and  block  the  normal  oxidation  of  alanine  by  the  kidney 
(Persky  and  Levine,  1949).  This  latter  observation  gave  rise  to  the  pro¬ 
posal  that  barbiturates  act  by  blocking  pyruvate  oxidation  with  consequent 
failure  of  acetate  formation  which  would  be  essential  in  the  formation  of 
acetylcholine.  While  this  hypothesis  must  be  considered,  it  appears  that  the 
inhibition  of  cholinesterase  by  these  drugs  would  tend  to  counteract  their 
function  in  preventing  acetylcholine  biosynthesis.  In  any  event,  the  theory 
could  be  fitted  equally  well  into  the  pattern  of  biological  antagonism. 
Furthermore,  if  the  formation  of  acetate  from  pyruvate  is  the  blocked  step, 

then  more  than  ever  cocarboxylase  is  implicated. 

Two  additional  phases  of  barbiturate  pharmacology  must  be  considered 
relative  to  the  application  of  the  concept  of  biological  antagonism,  name  y 
the  metabolism  of  the  barbituric  acid  molecular  form  and  the  known 

^t^e^T^arbiturates  are  metabolized  in  the  liver  and 
thus  detoxified  (Maynert  and  van  Dyke.  1949).  Several  channels ;  of  met  b- 
olism  are  known,  namely,  oxidation  of  an  alkenyl  or  alky  g  oup  n  the 
5-position,  dealkylation  of  N-alkyl  molecules  and  „ i  t!  -cae of  he  - 
bromallyl  group  hydrolysis  of  the  bromine.  The  importance  of 
detoxication  has  been  demonstrated  by 

tetrachloride  and  noting  the  prolonged  durat  on  ot  ettect  o 
(Shideman  et  al.,  1947).  The  enzymes  involved  in  the  detox, ca 
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esses  are  not  known  but  it  is  clear  that  the  principles  of  biological  antago¬ 
nism  could  be  applied  to  alter  the  speed  of  detoxication  with  resultant  ex¬ 
tension  of  the  duration  of  effect  of  a  given  barbiturate.  It  is  probable  that  in 
every  instance,  except  those  in  which  the  drug  is  excreted  unaltered,  modi¬ 
fications  of  pharmacological  activity  could  be  achieved  by  blockade  of  the 
detoxication  channels. 

There  are  many  known  pharmacological  antagonists  of  the  barbiturates: 
picrotoxin  (Maloney  et  al.,  1931),  coramine  (Reese,  1933),  caffeine 
(Reese,  1933),  Metrazol  (Zipf  et  ah,  1937),  and  strychnine  (Simon, 
1937).  They  are  mentioned  here  because  it  is  probable  that  in  the  long  run 
they  will  be  fitted  into  the  picture  of  biological  antagonism. 


Morphine  and  Related  Molecules 

The  purpose  in  examining  the  morphine  group  of  narcotics  is  to  deter¬ 
mine  if  the  mechanism  of  action  is  similar  to  or  identical  with  that  of  the 
barbiturates.  At  the  outset,  it  is  assumed  that  no  difference  exists. 

Quastel  and  Wheatley  (1932)  noted  the  inhibition  of  oxygen  consump¬ 
tion  by  cerebral  tissues  resulting  from  the  addition  of  0.12  per  cent  of 
morphine.  This  was  a  general  phenomenon  associated  with  narcotics.  In 
fact,  they  defined  narcosis  as  a  depression  of  the  normal  functional  activity 
of  the  nervous  center.  The  findings  of  Quastel  and  Wheatley  (1932)  were 
confirmed  and  extended  by  Shideman  and  Seevers  ( 1941 )  and  Seevers  and 
Shideman  (1941)  who  reported  the  blockage  by  morphine  of  the  activity 
of  lactic,  citric,  and  glucose  dehydrogenases.  Succinic  and  ethanol  dehydro¬ 
genases  were  not  affected.  Codeine  and  thebaine  were  inactive.  It  is  inter¬ 
esting  to  note  that  these  investigators  implicated  cocarboxylase  in  the 

”xvtnn‘Slv  T"  °f  70rphine'  In  lheir  experiments,  the  increase  in  the* 

°,  yf " T  n  n,USC  e  resulting  from  lhe  additio"  of  cocarbox- 

ylase  after  pyruvate  was  ent.rely  lacking  in  both  thiamine  deficient  and 
chronically  morphinized  muscle.  dna 

narcotic  insensitive,  both&n  (1M9)  ^report!*  Us 

as  * 

the  inhibition  of  the  oxidation  of  I  ,  SUCCm'C  SyStem  as  “  did  for 

quan,itat,vefactor  for  co„  rraUon8  ,  '  "  Pyruvate-  With  this 

of  barbiturates  wou,d  .IsoSU^dK^  'Zl 
another  manifestation  of  biolooimi  r«iof  y  genase.  Here,  we  see 

only  relatively  insensitive  to  the  blockinVenect'of0'1"11  dehydr0Senase 

his  own  work  and  that  of  Ball  et  al  ( 1947  ,  .  ,  «,  narcotlcs-  Watts  from 

that  methadon  blocks  at  the  cytochrome  r  t  h  S  atCr  (1948)  concludes 

A  striking  contribution  to  XconZ  o7d  fftT,  leVeP 

for  enzymatic  activity  is  that  of  Shideman  ,  f<  tlssue  rcclulrements 

y  01  Shideman  and  Seevers  (1941,  1942)  who 
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observed  that  the  in  vitro  addition  of  morphine  to  muscle  tissue  of  rats  in¬ 
creased  the  oxygen  uptake.  This  is  in  marked  contrast  to  the  effect  of  the 
drug  on  brain  tissues.  In  chronically  morphinized  rats,  the  elevated  oxida¬ 
tive  metabolism  of  the  muscle  tissues  is  maintained  when  the  morphine  is 
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N-Allyl-norcodeine 

Fig.  9.  Morphine  and  derivatives. 

withdrawn  The  phenomenon  of  stimulation  of  enzymatic  activity  is  usually 
associated  with  the  blockage  of  the  action  of  an  enzyme  whtchantagontzes 
the  first  This  antagonism  may  be  indirect  rather  than 
that  one  enzyme  destroys  the  substrate  utilized  by  a  second:  hence  .  the 
firs,  enzyme  l  inhibited  the  second  will  be  stimulated  or  accelerated  m  * 

“improbable  that  observations  such  as  those  of  Kecser  093VJM3)  - 

inhibited.  within  the  series  of  mor- 

Biological  antagonism  has0hieende  that  N.a||yl.norcodeine  antagonized 

fherespirajm  depressant  action  "morphing  Late^ 

was  aroused  by  the  drug  from ^  ee  N.anyl-normorphine  to 

blocking  the  resptratory  de- 
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pression  caused  by  morphine.  Unna  (1943)  confirmed  and  extended  the 
observations  of  these  workers.  He  reported  that  N-allyl-normorphine  pre¬ 
vented  or  abolished  the  action  of  morphine;  it  blocked  the  analgesia  in¬ 
duced  by  morphine  in  mice,  the  morphine  respiratory  depression  in  rabbits, 
the  general  depressant  action  of  the  alkaloid  on  dogs  and  its  stimulatory 
effect  on  cats. 

Reports  have  been  made  on  other  narcotics  and  related  substances  which 
can  be  correlated  with  the  general  oxidative  metabolism  depression  of  the 
brain  by  barbiturates  and  morphine.  Chloretone,  cocaine,  and  ethylurethane 
have  an  identical  action  (Michaelis  and  Quastel,  1941;  Sherif,  1930;  Jo¬ 
hansson,  1931).  Mescaline  (Schueler,  1948)  not  only  parallels  the  effects 
seen  with  the  previously  mentioned  narcotics  in  that  it  depresses  respiration 
on  lactate,  pyruvate,  and  glucose  but  in  addition,  succinate  is  an  effective 
antidote  for  mescaline  in  human  subjects. 

A  complicating  factor  in  allocating  narcotic  action  to  those  chemicals 
with  the  capacity  to  reduce  brain  oxidative  mechanisms  lies  in  the  proba¬ 
bility  that  picrotoxin  (Klein,  1943)  which  is  a  powerful  stimulant  to  the 
central  nervous  system  also  depressed  these  same  oxidative  channels. 
Furthermore,  these  findings  do  not  fit  into  the  picture  presented  by  Krantz 
et  al.  (1937)  in  which  they  found  that  picrotoxin  antagonized  the  depres¬ 
sion  of  oxygen  consumption  produced  by  barbiturates  in  rats.  It  is  probable 
that  the  action  of  picrotoxin  on  isolated  brain  is  one  of  phase  and  that 
Klein  (1943)  operated  in  the  inhibitory  phase  of  picrotoxin  concentrations. 

Just  as  the  barbiturates  inhibit  cholinesterase,  so  morphine  is  an  active 
inhibitor  (Bernheim,  1940;  Slaughter  and  Gross,  1940).  There  is,  however, 
no  correlation  between  relative  activity  as  cholinesterase  inhibitors  and 
effect  on  different  tissue  in  the  series  of  morphine  derivatives  (Gruber  and 
Brundage,  1935).  An  exception  has  been  made  in  that  there  does  seem  to 
be  a  correlation  between  anticholinesterase  activity  and  central  emetic 
power  of  morphine  compounds  (Kuhn  and  Surles,  1938). 


Concerning  the  metabolism  of  morphine  and  possible  applications  of 
biological  antagonism,  it  is  known  (Oberst,  1940)  that  a  large  percentage 
o  morphine  is  excreted  in  the  urine  in  a  conjugated  form  and  the  nrnh*>_ 
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inhibit  lipases;  cocaine,  atropine,  and  pilocarpine  inhibit  yeast  invertase. 
These  and  many  other  instances  are  cited  but  we  refer  here  only  to  illustra¬ 
tive  examples. 

The  probability  that  structurally  similar  breakdown  products  of  drugs 
might  displace  a  drug  from  an  action  site  has  been  established  by  Richards 
(1945)  and  Richards  and  Kueter  ( 1946)  who  found  that  the  split  products 
of  procaine  altered  the  typical  convulsive  action  of  that  drug  in  guinea  pigs. 
Both  p-aminobenzoic  acid  and  diethylaminoethanol  were  effective  in  re¬ 
ducing  the  incidence  and  severity  of  the  convulsions.  The  quantitative  re¬ 
lationships  between  procaine  dosages  and  those  of  the  split  products  strongly 
suggest  competitive  inhibition.  A  mixture  of  the  two  antagonists,  p-amino¬ 
benzoic  acid  and  diethylaminoethanol,  was  most  effective  as  tested.  The 
observed  effect  was  probably  not  due  to  the  inhibition  of  procainesterase 
as  Kisch  (1943)  has  shown  that  the  convulsive  action  of  procaine  was  not 
modified  by  the  administration  of  eserine  which  is  a  known  inhibitor  of  the 


enzyme. 

The  competitive  inhibition  was  relatively  specific  since  o-aminobenzoic 
acid  was  inactive.  Again,  p-hydroxybenzoic  acid  showed  moderate  activity 
and  salicylic  acid  none.  Benzoic  acid  was  the  antagonist  second  in  power  to 
p-aminobenzoic  acid.  It  was  stated  by  Richards  and  Kueter  (1946)  that 
any  deviation  from  the  p-aminobenzoic  acid  molecule  decreased  the  effi¬ 
ciency  of  the  molecule  as  a  protector. 

With  the  aminoalcohols,  there  was  the  same  close  relation  between  an¬ 
tagonistic  power  and  chemical  constitution.  Diethylaminoethanol  was  the 
most  powerful  but  an  increase  in  chain  length  by  one  methylene  unit  did 
not  materially  alter  the  protective  efficacy.  It  is  remarkable  that  the  protec¬ 
tive  action  of  both  split  products  was  directed  against  convulsions  produced 
by  procaine  and  not  against  the  local  anesthetic  action  of  the  drug.  In  this 
same  vein,  the  sulfonamide  molecule  has  been  reported  to  possess  the ^ower 
of  reducing  the  local  anesthetic  effect  of  procaine  (Hazard,  1944,  Hazard 

^  Thimann  (1943)  has  offered  a  hypothetical  concept  with  experimental 
substantiation  that  the  structures  of  the  known  local  anesthcttcs  resemb 
that  of  acetylcholine.  The  action  of  the  anesthetic  is  supposedly  due  to 
ihi  iw  lo  comoete  with  acetylcholine  for  the  receptive  substance  at  nerve 
nd  I  Thrrecep^e  substance  is  the  reactive  site  of  the  parasympathetic 
SecX' dlls  which  is  the  norma,  contact  point.  The  sutictures  of  the  local 
anesthetics  and  of  acetylcholine  do  show  marked  similarities. 
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Substantiation  of  the  concept  of  local  anesthetic  action  as  a  manifesta¬ 
tion  of  biological  antagonism  came  from  the  observations  of  Rapp  (1947) 
who  reported  that  procaine  blocked  the  reaction  between  acetylcholine  and 
phosphocreatine,  hence  preventing  the  release  of  energy  required  for  the 
transmission  of  nervous  impulses. 

In  general,  we  have  been  considering  those  pharmacological  agents  the 
action  of  which  is  modified  either  by  immediate  displacement  or  by  altera¬ 
tion  in  the  kinetics  of  enzyme  functioning  in  the  formation  or  destruction 
of  the  drug.  Beyond  this  there  is  a  great  class  of  drugs  which  become  active 
by  virtue  of  enzymatic  function.  Of  these,  it  is  our  purpose  to  consider 
only  one,  acetanilide.  This  antipyretic  normally  functions  as  the  substrate 
of  an  enzyme  system,  the  product  of  which  is  p-aminophenol.  The  reaction 
is  catalyzed  by  an  acylase  (Michel  et  al.,  1937).  While  p-aminophenol 
shows  a  marked  capacity  to  inhibit  oxygen  uptake  by  tissue  suspensions 
(Baumgartel,  1943),  its  oxidation  product,  a  quinimine,  has  no  similar 
effect  on  oxidative  mechanisms  of  a  number  of  compounds  added  to  liver 
suspensions.  The  exceptions  are  xanthine  and  phospholipids  (Bernheim, 
1939;  Bernheim  and  Bernheim,  1938).  Quinimine  inhibits  completely  the 
xanthine  oxidase  of  liver  and  guanase.  In  this  pharmacological  system, 
the  antipyretic,  acetanilide,  is  hydrolyzed  by  an  acylase  to  aniline,  oxidized 
to  p-aminophenol  and  in  turn  to  a  quinimine.  These  metabolic  products  of 
enzymatic  action  function  by  virtue  of  enzymatic  blockage  doubtless 
through  displacement. 

Study  of  this  sequence  focuses  attention  on  the  necessity  for  the  consid¬ 
eration  of  all  phases  in  the  metabolism  of  a  given  molecule.  Pharmaco¬ 
logical  activity  may  be  related  to  some  distant  metabolite.  Biological  antag¬ 
onisms  could  enter  this  picture  by  preventing  the  formation  of  the  active 
metabolite,  by  preventing  its  destruction  or  by  displacing  the  pharmacologi¬ 
cally  active  metabolite  itself. 


That  we  may  indicate  the  scope  of  the  application  of  the  enzymatic  inhibi¬ 
tion  concept  to  pharmacological  activity,  it  seems  in  order  to  mention  a 
few  miscellaneous  instances  of  record.  Mann  and  Keilin  (1940)  found  that 
sulfanilamide  specifically  inhibits  carbonic  anhydrase.  In  the  same  study 
they  observed  no  inhibition  of  cytochrome  oxidase,  uricase,  phenolase  or 
catalase.  The  blocking  effect  was  attributed  to  chelation  of  zinc  by  the  drag 
As  another  example  it  has  been  proposed  that  the  activity  of  salicylates 

Set  arm"  *  t0  S‘imU,ate  the  aCtWity  °f  CUr‘C  3Cid 

Biological  antagonism  doubtless  constitutes  the  basis  of  such  pharma 
co logical  antagonisms  as  those  manifested  between  ethylenimonium Tnd 
In  f°mu™  Ca"°nS  under  certaln  conditions  (Gilman  and  Philips  19461 
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Other  isolated  instances  of  pharmacological  antagonisms  doubtless  as¬ 
sociated  with  displacement  phenomena  include:  sodium  diphenylhydantoin- 
ate  and  nikethamide  (Granier-Doyeux,  1946),  prostigmine  homologues 
and  tubocurarine  (Bulbring  and  Chou,  1947),  nicotine  and  sodium  sulfa- 
thiazole  or  thiamine  HC1  (Pick  and  Unna,  1946),  sulfonamides  in  general 
and  nicotine  (Pick  et  al.,  1944),  D-tubocurarine  and  decamethylene-bis- 
(trimethylammonium  bromide)  (MacFarlane  et  al.,  1950)  and  epinephrine 
and  acetylcholine. 

The  natural  antagonists  of  pharmacogolical  agents  must  also  be  con¬ 
sidered.  Thiamine  will  inhibit  the  action  of  nicotine  on  the  isolated  intestine 
of  the  rat  (Unna  and  Pick,  1944).  This  same  effect  is  manifested  by  cocar¬ 
boxylase.  As  another  example,  Lecoq  et  al.  (1946)  studied  the  positive 
effect  of  purines  such  as  caffeine  and  theobromine  on  neuromuscular  and 
cardiac  excitability  as  reflected  in  chronaximetry  and  found  that  the  oral 
or  parenteral  administration  of  sugars — glucose,  galactose,  sucrose,  lactose 

_ materially  reduced  the  effect.  Further  detail  on  the  influence  of  various 

vitamins  on  the  nervous  effects  of  pharmacological  agents  including  epi¬ 
nephrine,  acetylcholine,  choline,  and  adrenochrome  has  been  presented  by 
Chauchard  et  al.  (1948). 


Comment 

Pharmacology  is  applied  biological  antagonism.  It  has  an  enzymatic 
basis;  metabolite  analogues  play  a  major  role.  In  some  instances,  true  com¬ 
petitive  displacement  occurs;  in  others,  the  mechanism  is  noncompetitive 
or  even  irreversible.  The  toxic  effects  of  drugs  represent  quantitative  but 
not  qualitative  differences.  Above  all  else,  the  entire  structure  is  relative; 
it  is  another  manifestation  of  the  general  principle  of  biological  relativity. 

Tissue  selectivity  or  pharmacological  specificity  is  a  reflection  of  the  sum¬ 
mation  of  enzyme  concentrations  and  of  reaction  sites  on  effector  cells. 
There  seems  no  reason  to  regard  the  reaction  sites  on  effector  cells  as  being 
different  in  any  fundamental  way  from  those  on  enzyme  surfaces  e 
kinetics  of  enzymatic  activity  and  of  enzyme  inhibition  apply  equally 

pharmacological  activity  phenomena.  moderation 

The  complexity  of  pharmacological  reaction  is  great  and  considerate 

must  be  given  not  only  to  concentration  of  drug  but  also  to  concentration 

of  metabolic  products.  The  effective  concentration  of  a  drug  will  depend 

upon  ts  absolute  concentration  a.  a  given  time  and  upon  the  amounts  of 
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the  speed  of  metabolism  might  result  in  excessive  formation  of  a  more  toxic 
material,  that  is,  acetanilide  might  be  too  rapidly  metabolized  to  p-amino- 
phenol  with  resultant  toxicity.  Williams  (1947)  has  stated  that  there  are 
two  ways  in  which  a  so-called  detoxication  mechanism  can  produce  toxic 
agents  in  the  body:  by  conversion  of  the  foreign  compound,  usually  by 
oxidation  or  reduction  into  toxic  agents;  and  by  conjugation  of  the  chemical 
with  an  essential  metabolite,  with  resultant  deprivation  of  the  body  of  the 
metabolite  for  normal  nutrition.  He  concludes  that  in  general  the  metabolic 
fate  of  a  foreign  molecule  will  parallel  that  of  the  natural  metabolite  to 
which  it  is  most  closely  related.  For  example,  if  the  foreign  compound  hap¬ 
pened  to  be  an  a-amino  acid,  it  would  fit  as  a  key  into  the  processes  of 
oxidative  deamination  or  acetylation  just  as  the  natural  amino  acids  form 
substrates  for  these  reactions.  Biological  antagonism  enters  this  system  in 
that  such  enzymatic  reactions  will  preferentially  attack  either  foreign  mole¬ 
cule  or  natural  substrate  to  the  exclusion  of  the  molecule  of  less  affinity 
for  reaction  site. 

Inhibition  of  the  conjugation  of  epinephrine  with  sulfate  which  results 
in  its  inactivation  (Richter,  1940)  would  clearly  increase  the  duration  of 
action  of  this  drug,  assuming  there  were  no  compensatory  elevations  in  the 
activities  of  either  monoamine  oxidases  or  phenolases.  Blocking  the  acetyla¬ 
tion  of  sulfonamides  and  turning  the  “detoxication”  reactions  into  the 
channel  of  glucuronide  formation  would  render  sulfonamides  safer  to  use 
(Scudi,  1940). 

Drug  tolerance  and  bacterial  resistance  have  been  regarded  as  separate 
entities.  This  position  must  be  abandoned  as  both  are  manifestations  of 
enzymatic  adaptation.  While  this  has  long  been  regarded  as  a  common 
phenomenon  in  bacterial  systems  (Yudkin,  1938),  it  has  only  recently 
been  accepted  as  applicable  to  physiology  and  pharmacology.  Its  accept¬ 
ance  was  based  upon  work  such  as  that  of  Lightbody  and  Kleinman  (1939) 
who  demonstrated  by  repeated  administration  an  increased  power  of  the 
kidney  to  oxidize  alcohol;  and  that  of  Fishman  (1940)  who  observed  in¬ 
creased  glucuronidase  activity  in  various  tissues  resulting  from  continued 
dosage  with  menthol  or  borneol.  While  the  general  subject  of  drug  tolerance 
and  bacterial  adaptation  will  be  reviewed  in  some  detail  in  Chapter  21  it  is 

Pharmacol ogy^  “  ^  ^  C°rrelation  of  biol°gical  antagonism  and 

Similarity  of  detailed  structure  among  enzyme  reaction  sites  and  effector 
cells  doubtless  accounts  for  pharmacological  overlap;  e.g.,  atropine  is  an 

efecioTcelUteand  faCe'y'C|;0!ine  bolh  from  a  Parasympathetic  system 
enector  cell  site  and  from  cholinesterase.  The  affinity  is  ereater  fnr 

effector  cell  and  hence  the  drug  acts  as  an  antispasmodic  '  ^ 

The  complexity  of  the  action  of  pharmacological  agents  is  often  mir™  a 
”  *he  -  *<=  toxicity  of  another.  ftTs  pnob^e  that  ln  ^ 
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cases  this  is  due  to  the  action  of  one  agent  as  an  inhibitor  of  the  activity  of 
an  enzyme  acting  on  the  second.  For  example,  physostigmine  increases  the 
toxicity  of  procaine  by  functioning  as  an  inhibitor  of  procainesterase  which 
would  normally  destroy  the  drug  by  hydrolysis. 

Another  factor  in  the  study  of  biological  antagonism  as  applied  to 
pharmacology  resides  in  the  structural  differences  of  effector  cell  reaction 
sites  within  the  same  system.  This  is  exemplified  by  the  specificity  of  anti¬ 
acetylcholine  drugs  for  effector  cell  sites  at  neuromuscular  junctions, 
ganglia,  and  nerve  fiber.  Nature  has  apparently  directed  the  creation  of  a 
system  of  balance  and  counterbalance  within  each  physiological  system  and 
one  such  balancing  knife  edge  is  the  dissimilarity  of  effector  cell  sites  which 
would  contribute  to  parasympathetic  nervous  system  stability  by  rendering 
natural  and  synthetic  inhibitors  of  one  effector  cell  inactive  against  an¬ 
other. 

An  extension  of  the  overlap  phenomenon  is  seen  in  the  existence  of  drugs 
acting  on  the  inhibitor  or  excitor  sympathetic  components  or,  as  in  the  case 
of  epinephrine,  on  both.  Here,  as  with  the  parasympathetic  system,  effector 
cell  reaction  sites  must  vary  in  their  detailed  structure. 

The  fact  that  antihistamines  possess  in  varying  degree  the  characteristics 
of  local  anesthetics,  antispasmodics,  sympathomimetics,  and  sympatholytics 
tends  to  underline  the  probable  structural  similarity  of  the  receptor  sites 
for  histamine,  acetylcholine,  and  epinephrine. 


Destructive  enzymatic  activity  for  a  given  pharmacological  agent  is  gen¬ 
erally  multiple  in  nature.  There  is  not  only  one  catabolic  channel  for  epi¬ 
nephrine,  there  are  actually  three  known  mechanisms  via  monoamine 
oxidase,  phenolase,  and  sulfoesterase.  Again,  we  see  biological  relativity 
manifested;  it  is  biological  relativity  that  gives  balance  and  stability  to  the 
living  organism  by  providing  few  if  any  absolute  channels  of  metabolism. 

In  recent  years  and  largely  through  the  effort  of  Szent-Gyorgyi  (1949) 
the  contractile  structure  of  muscle  has  been  demonstrated  to  consist  of  a 
protein  complex,  actomyosin,  which  is  composed  of  myosin  and  actin. 
Neither  protein  in  itself  nor  actomyosin  shows  any  sign  of  contractility  with¬ 
out  the  key  substance,  the  water-soluble  nucleotide,  adenosinetriphosphate. 
The  adenosinetriphosphate  is  not  merely  the  source  of  energy  for  muscular 
contraction  but  actually  dominates  the  entire  physical  state  of  muscle. 

Direct  observations  of  the  action  of  pharmacological  agents  on  actomyo- 
sin-ATP  complex  are  now  possible.  Such  studies  point  the  pat  way  to  t  e 
future.  One  approach  has  been  made  by  experiments  on  the  mhibition  of 
the  adenosinetriphosphatase  activity  of  preparations  of  myosm  (Binkley, 
1949)  He  noted  the  inhibition  of  the  ATPase  by  posterior  pituitary  and 
the  reinforcement  thereof  by  acetylcholine.  Acetylcholine  alone  possessed 
no  inhibitory  activity.  Theoretically,  inhibition  of  ATPase  should  resu 
a  contracted  state  of  the  myosin  complex  and  tf  th.s  is  found  to  be  the  case 
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the  results  would  be  consistent  with  the  known  pharmacological  effects  of 

acetylcholine  and  the  principles  of  the  posterior  pituitary. 

The  most  recent  work  of  this  type  is  that  of  Snellman  and  Gelotte  ( 1 950) 
who  in  the  course  of  isolating  heart  actin  found  a  contaminant,  a  deami¬ 
nase,  which  acted  on  adenosinetriphosphate  and  prevented  the  polymeriza¬ 
tion  of  the  actin.  Turning  to  cardiac  glucosides,  these  workers  found  that 
the  use  of  such  drugs  prevented  the  action  of  the  deaminase.  In  the  absence 
of  the  glucosides,  they  were  able  to  dialyze  out  of  the  actin  an  inosine 
derivative  but  if  the  actin  had  been  treated  with  the  drug  they  obtained  an 
adenyl  derivative  on  dialysis. 

Snellman  and  Gelotte  (1950)  also  confirmed  the  results  of  Horvath, 
Kiraly,  and  Szerb  (1949).  Both  groups  demonstrated  that  a  cardiac  gluco- 
side  has  a  direct  effect  on  the  polymerization  of  actin.  The  drug  facilitates 
the  polymerization  of  the  protein  to  a  great  degree  and  the  authors  conclude 
that  a  major  portion  of  the  effect  of  such  agents  lies  in  their  prevention  of 
the  destruction  of  actin. 

Other  studies  utilizing  the  actomyosin  complex  or  portions  thereof  as 
test  systems  for  pharmacological  agents  have  been  made.  One  of  these  is 
the  report  of  Straub  et  al.  (1948)  who  found  that  the  polymerization  of 
globular  actin  varies  with  different  ratios  of  calcium  chloride  and  potassium 
chloride  at  24°  C.  and  pH  7.  Epinephrine  (0.1  mg. /ml.)  greatly  enhances 
the  reaction.  Quinine,  strychnine,  and  veratrine  inhibit  at  the  same  concen¬ 
tration. 
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Chapter  3 

p-AMINOBENZOIC  ACID,  SULFONAMIDES,  FOLIC  ACID 


1.  p-Aminobenzoic  Acid  and  the  Sulfonamides. 

a.  Specificity  of  p-Aminobenzoic  Acid  in  Counteracting  Anti-bacterial 
Agents. 

b.  Agents  Counteracting  Sulfonamide  Inhibitors. 

2.  Secondary  Inhibitors  of  Sulfonamides. 

a.  Methionine. 

b.  Cocarboxylase. 

c.  Nicotinic  Acid  and  Amide. 

3.  Mechanisms  of  Action  of  Sulfonamides  Explained  on  Bases  Other  than  that 
of  p-Aminobenzoic  Acid  Displacement. 

a.  Evidence  Against  the  p-Aminobenzoic  Acid  Displacement  Concept. 

b.  Theories  Based  Upon  the  Modification  by  Sulfonamides  of  Carbohydrate 
Metabolism. 

4.  Folic  Acid  Synthesis  as  the  Site  of  Sulfonamide  Action. 

a.  Basis  of  the  Concept. 

b.  Limitations  of  the  Concept.  . 

c.  Explanation  of  the  Limitations  Based  Upon  the  Existence  ot  Various 

Forms  of  “Folic  Acid.  ’ 

d.  Involvement  of  Purine  and  Amino  Acid  Metabolism. 

5.  Recapitulation. 


This  relationship,  its  study  and  extensions,  formed  the  basis  for  the 
revival  of  interest  in  biological  antagonism  occurring  over  the  past  ten 
years.  McIntosh  and  Whitby  (1939)  thought  that  sulfanilamide  acted  by 
blocking  the  food  supply  of  bacteria  through  enzymatic  inactivation.  During 
the  same  yea  ,  Stamp  (1939)  extracted  a  substance  from  Streptococci 
which  antagonized  the  action  of  the  sulfonamides.  He  suggested  that  the 
material  was  a  nutrient,  the  formation  of  which  was  prevented  by  the  drug. 
Green  (1940)  extended  the  work  of  Stamp,  also  isolating  a  sulfonamide 
Pnhibhor  from  bacteria.  It  remained  for  Woods  (1940),  who  had  obtained 
the  antagonist  from  yeast,  to  identify  the  compound  as  p-am,nobenzo,c 

aCnTsAnof  intended  to  review  the  reports  which  ^ 

•  0  thp  P A B A-sulfonamide  relationship,  as  this  has  been  do  y 
He„"S(.944"  and  by  Northey  (1948);  presented  here  in  the  interests  of 
continuity  only,  are  the  salient  features  of  this  vast  literature. 
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p-Aminobenzoic  Acid  and  the  Sulfonamides 

In  accordance  with  the  concept  of  the  relativity  of  biological  antagonism, 
PABA  is  not  solely  an  inhibitor  of  the  action  of  the  sulfonamides  (Miller, 

1941) ,  possessing  as  it  does  a  capacity  to  reverse  the  antibacterial  effect  of 
sodium  p-nitrobenzoic  acid.  Another  example  of  the  lack  of  specificity  of 
PABA  is  its  efficacy  in  preventing  the  chemotherapeutic  action  of  certain 
arsenicals  (Peters,  1943;  Hirsch,  1942)  such  as  sodium  p-aminophenyl- 
arsonate.  It  is  not  effective  against  any  of  the  arsenoxides,  e.g.,  mapharsen. 

Furthermore,  PABA  with  its  structural  similarity  to  the  p-isomer  of  the 
sulfanilamide  group  is  also  inhibitory  to  the  other  isomers  (Sevag  et  al., 
1943).  Even  the  selenium  and  tellurium  analogues  of  sulfanilamide  are 
susceptible  to  reversal  by  the  aromatic  amine  (Green  and  Bielschowsky, 

1942) .  Moller  and  Schwartz  (1941)  extended  the  list  of  chemotherapeutic 
agents  counteracted  by  PABA  when  they  added  germanin  and  Neostibosan, 
neither  of  which  bears  any  structural  similarity  to  the  aminobenzoic  acid. 
4,4  -Diaminobenzil,  reported  to  be  twice  as  active  as  sulfanilamide  against 
Staphylococcus  pyogenes,  was  antagonized  by  PABA  (Kuhn  et  al.,  1943). 
Another  molecule,  4,4'-diaminobenzoin,  studied  in  this  same  series,  re¬ 
sponded  identically. 

Other  chemotherapeutic  agents  counteracted  by  PABA  were  reported  by 
Auhagen  (1942).  He  included  p-aminoacetophenone,  p,p'-diaminobenzo- 
phenone,  and  p-aminobenzophenone  in  the  group.  The  fundamental  mecha¬ 
nisms  which  make  one  compound  an  inhibitor  of  the  antibacterial  action 
o  another  could  not  bear  100  per  cent  specificity  in  relationship.  In  each 
instance  the  inhibiting  molecule  would  be  an  effective  agent  against  other 
chemotherapeutic  molecules.  This  is  of  vital-  significance  in  the  rational 
application  of  the  entire  concept  of  biological  antagonism.  It  is  another 
manifestation  of  biological  relativity. 

While  the  action  of  PABA  as  an  antagonist  extends  to  divalent  sulfur 
compounds  of  the  type  of  4,4'-diaminodibenzenedisulfide;  it  does  not  act 

-  Chloro-4-ammobenzoic  acid  (Johnson  et  al  1944^  tu  u  ’  4  ’ 

at  hish 

act  the  toxic  eife  s  of  su  *  a  ofeTh"'  °f  ^  “  to  Mure  t0  ~r- 

1941)  as  manfe^  b*Tver  andTrL^  ^™"  ^  <S‘™s 

y  rever  and  rash.  In  these  same  patients,  the 
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aromatic  amine  was  capable  of  completely  counteracting  the  bacteriostatic 
action  of  the  drug  in  the  blood. 

The  great  complexity  of  the  interrelationship  of  PABA  and  the  sulfona¬ 
mides  is  extended  by  studies  on  the  counteraction  of  sulfonamide  inhibitors. 
Azochloramid  (Schmelkes  and  Wyss,  1942),  urea  (Tsuchiya  et  al.,  1942; 
Wallersteiner,  1943),  and  allantoin  (Wallersteiner,  1943)  have  been  re¬ 
ported  to  counteract  the  action  of  sulfonamide  inhibitors.  These  findings 
do  not  hold  for  all  bacteria  (Stokinger  et  al.,  1942;  Kirby,  1943).  In  fact, 
the  results  with  urea  are  questioned  in  toto  (King  and  Strangeways,  1942). 
The  report  of  Wallersteiner  (1943)  casts  an  entirely  new  light  on  this  gen¬ 
eral  problem.  He  found  that  y-methyl-a-indole-^-aminopropionic  acid 
added  to  cultures  of  sulfonamide-fast  streptococci  greatly  increased  the  pro¬ 
duction  of  inhibitor,  whereas  the  production  of  this  antagonistic  principle 
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was  greatly  retarded  in  media  poor  in  tryptophan  and  organic  sulfhydryl. 
The  extreme  difficulty  of  accurately  analyzing  results  of  this  sort  can  be 
understood  when  it  is  considered  that  investigators  differ  markedly  in  their 
interpretation  of  the  mechanisms  underlying  sulfonamide  resistance.  There 
has  been  no  work  actually  showing  decreased  production  of  a  specific 
chemical  inhibitor  of  the  sulfonamide  drugs  under  the  influence  of  another 
chemical  such  as  urea.  The  reported  observations  could  represent  the  sum¬ 
mation  of  effects  of  two  agents  capable  of  affecting  the  metabolic  processes 
of  bacteria  under  the  conditions  of  the  experiments. 

A  logical  explanation  of  the  above  phenomena  backed  by  laboratory 
evidence  has  been  presented  by  McClintock  and  Goodale  (1943)  who 
found  that  urea  blocks  the  combination  of  sulfanilamide  and  albumin.  This 
combination  if  formed  renders  the  sulfanilamide  inactive.  The  apparent 
synergism  between  urea  and  the  sulfonamides  is  therefore  not  concerned 
with  p-aminobenzoic  acid,  although  it  would  be  interesting  to  determine 
the  effect  of  PABA  itself  on  the  formation  of  protein-sulfonamide  combina¬ 


tions.  Theoretically,  PABA  should  block  the  formation  of  such  complex 
units.  The  potentiality  remains  that  the  urea  action  is  nothing  more  than  a 
manifestation  of  its  own  bacteriostatic  power.  In  this  connection,  Kirby 
(1943)  reports  that  concentrations  of  urea  which  in  themselves  are  not 
bacteriostatic  exert  no  potentiation  of  sulfonamides  nor  do  they  counteract 
sulfonamide  antagonists. 

A  logical  extension  of  the  concept  of  structural  displacement  and  the 
PABA-sulfonamide  interrelationship  was  the  proposal  that  susceptibility 
of  bacteria  to  sulfonamides  varies  with  their  ability  to  synthesize  PABA 
(Green,  1940;  Green  and  Bielschowsky,  1942;  Landy  et  al  1943)  The 
work  of  Landy  and  his  group  (1943)  stresses  their  belief  that  while  PABA 
synthesis  explains  the  sulfonamide  resistance  of  Staphylococcus  aureus  it 

, °“  ' "°‘  of'r  ‘hat  °f  Escherichia  coli ■  Vibri°  comma.  Shigella  dysen- 
me  or  Diplococcus  pneumoniae.  A  complicating  factor  in  this  considera 

..on  lies  in  the  fact  .ha.  .here  is  a  marked  difference  in  .he  behavior  o 
Re“  7  “  tHe  7tUbe  a"d  in  —  of  i,vi„g™L°s 
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and  metabolites  secondary  to  some  prime  reaction  inhibited  by  the  drug. 
Actually,  the  last  named  are  the  true  secondary  inhibitors.  A  large  number 
of  secondary  inhibitors  are  known  and  the  list  is  presented  in  Table  I. 


Table  / 

Sulfonamide  Inhibitors 


Compound  or 
Substance 

Test  System 

Comment 

Reference 

Adenine  . 

Lactobacillus 
arabinosus,  L. 
pentosus 

Presence  of 
suboptimal 
amounts  of 
PABA 

Snell  &  Mitchell,  1942 

Guanine  . 

tt 

tt 

tt 

Xanthine 

It 

tt 

“ 

Hypoxanthine  . 

Glucose  . 

tt 

Bacteria 

tt 

tt 

Broh-Kahn,  1939 

Xylose  . 

Serratia  marcescens 

lllenyi,  1943 

Mercuric  chloride  .  .  . 

Bacteria 

Lamanna  &  Shapiro, 

1943 

Urethane  . 

Luminescent 

bacteria 

Johnson,  1942 

Cocarboxylase  . 

Staphylococcus 
aureus,  Yeast 

Sevag  et  al.,  1945 

Sodium  pyruvate 

Staphylococcus 
aureus.  Yeast 

Sevag  et  al.,  1945a 

Nicotinic  acid 

Lactobacillus 

arabinosus 

Sulfapyridine 

only 

Teply  et  al.,  1943 

Nicotinamide . 

Staphylococcus 
aureus,  Shigella 

Nicotinamide 

stimulated 

respiration 

Dorfman  &  Koser,  1942; 
Wood  &  Austrian,  1942 

Coenzyme  I . 

Staphylococcus 

aureus 

Sulfapyridine 

only 

West  &  Coburn,  1940 

Pantothenic  acid 

Rat 

Sulfapyridine 

only 

West  et  al.,  1943 

2-Chloro-4-amino- 
benzoic  acid . 

p-Aminobenzoyl-1- 
glutamic  acid 

Streptococcus  hemo- 
lyticus,  Escherichia 
coli 

tt 

Johnson  et  al.,  1944 

Johnson  et  al..  1944; 
Auhagen,  1943; 
Williams,  1944 

p-Aminocinnamic  acid 
p-Aminobenzoic  acid 
Peptides  of  PABA 
m-Aminobenzoic  acid 

tt 

Bacteria 

tt 

tt 

Johnson  et  al.,  1944 

Woods,  1940 

Blanchard,  1941 

Rubbo  &  Gillespie, 

1940,  1941,  1942 

o-Aminobenzoic  acid 
Methionine  . 

tt 

tt 

Bliss  &  Long,  1941; 
Kohn  &  Harris,  1943 

Arginine . 

tt 

Bliss  and  Long,  1941 
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Table  I — ( Continued ) 


Compound  or 


Substance  Test  System  Comment  Reference 

Lysine .  Bacteria  Bliss  and  Long,  1941 

Glycine .  Escherichia  coli  Presence  of  Kohn  &  Harris,  1943 

methionine 

Cozymase .  “  “  Kohn  &  Harris,  1943; 


Spink  et  al.,  1942; 
Wood  &  Austrian, 
1942 

Serine . 

Allothreonine  “  “  “  “ 

Guanine  .  “  “  “  “ 

Xanthine  .  “  “  “  “ 


Glutamic  acid  .  Hill  &  Mann,  1942; 

MacLeod,  1940 

Glutamine  .  «  *» 

Bacteria  .  Green  &  Bielchowsky, 

1942a 

Plasma .  Mcllwain,  1942 

^r'ne  .  MacLeod,  1940 

Peptones  .  Lockwood  &  Lynch, 

1940 


Proteins  . 

Necrotic  tissue 

it 

Tissue  extracts 

it 

Bacterial  products 

it 

esults  reported  on  studies  with  secondary  inhibitors  of  sulfonamides 
involve  the  danger  of  inaccurate  interpretation  based  upon  a  failure  to 
recognize  added  growth  factors,  contamination  by  PABA,  pH  factors  not 
adequately  controlled,  concentration  factors  imbalanced,  innoculum  size 
variations  alterations  in  temperatures,  history  of  the  bacteria  used  com 
position  of  medium  as  a  variant,  or  inconsistency  in  method  for  determina- 

?*£££££* sing,e  deviation  may 

Methionine  in  the  presence  of  inhibitory  concentrations  of 

strates^the  ascomlatymitagonists^Koh^and'Harris^^A^^Thiese'seco11^* 
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test  bacteriuTL  s,arvIo  oed  t  a  fUnCti°n  f°r  another-  If  the 

may  not  function  at  all  when  the  teslinTi  a"'a=onists  Wl11  bc  found  which 

wnen  testing  is  done  using  streptococci.  There 
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is  no  question  but  that  antagonism  will  be  manifested  by  the  precursors  of 
the  primarily  inhibited  enzymatic  systems  as  well  as  by  substrates  and  the 
products  of  the  reaction.  It  is  interesting  to  note  that  as  a  secondary  inhibi¬ 
tor,  methionine  is  ten  times  as  effective  in  the  L-form  as  it  is  in  the  d- 
( Harris  and  Kohn,  1941 ).  The  relative  efficacy  was  determined  in  a  system 
in  which  methionine  itself  gave  no  growth  stimulation. 

Strauss  et  al.  (1941a)  using  Escherichia  coli  found  that  methionine  would 
antagonize  sulfanilamide  but  not  sulfathiazole  or  sulfadiazine,  and  they 
concluded  from  this  that  the  more  complex  sulfonamides  inhibit  loci  in  the 
cell  other  than  those  affected  by  sulfanilamide.  Methionine  prevents  the 
development  of  sulfonamide  resistance  (Strauss  et  al.,  1941a)  and  permits 
indefinite  growth  without  acquisition  of  resistance  (Harris  and  Kohn, 
1941).  It  would  seem  that  supplying  the  substrate  essential  for  the  second¬ 
arily  inhibited  system  makes  unnecessary  the  acquisition  by  the  bacterium 
of  methods  circumventing  the  metabolic  blockage. 

The  inhibition  of  carboxylase  activity  in  the  yeast  cell  by  sulfathiazole 
has  been  reported  by  Sevag  et  al.  (1945),  who  found  that  one  molecule  of 
cocarboxylase  added  to  the  reaction  system  counteracted  the  inhibitory  effect 
of  between  8088  to  53,400  molecules  of  sulfathiazole.  This  same  action  of 
cocarboxylase  was  demonstrated  using  Staphylococcus  aureus  as  test  organ¬ 
ism.  The  explanation  offered  is  that  cocarboxylase  and  the  sulfonamide 
compete  for  the  specific  carboxylase  protein.  In  the  second  paper  of  the 
series,  Sevag  et  al.  (1945a)  record  observations  indicating  that  sulfathiazole 
and  sodium  pyruvate  compete  for  the  active  site  of  carboxylase.  Presence 
or  absence  of  inhibition  depends  on  which  of  the  two  substances  gets  to  the 
active  site  of  the  enzyme.  p-Aminobenzoic  acid  failed  to  reverse  the  inhibi¬ 
tion  exercised  by  sulfathiazole  on  the  carboxylase  activities  of  Escherichia 
coli  or  Staphylococcus  aureus.  The  third  paper  of  the  group  ( 1945b )  deals 
with  the  action  of  neopeptone  in  counteracting  the  strong  inhibitory  effects 
exercised  on  the  carboxylase  activity  of  Escherichia  coli  by  the  ortho-, 
meta-,  and  para-  isomers  of  aminobenzenesulfonamides.  The  drugs  com¬ 
bined  reversibly  with  the  enzyme  proteins.  The  investigators  suggest  that 
foreign  proteins  may  exercise  their  antisulfonamide  action  by  combining 

with  either  enzyme  proteins  or  drugs. 

The  failure  of  PABA  to  counteract  the  inhibition  by  sulfathiazole  of  the 

carboxylase  system  must  indicate  that  carboxylase  systems  do  not  play  an 
important  part  in  growth;  this  in  view  of  the  fact  that  PABA  inhibits  the 
bacteriostatic  action  of  sulfonamides.  A  somewhat  similar  problem 
presented  by  Teply  et  al.  (1943)  when  they  found  that  sulfapyndine 
bacteriostasis  of  Lactobacillus  arabinosus  was  completely  counteracted  by 
p-aminobenzoic  acid  or  by  higher  levels  of  nicotinic  acid.  This  mu iltiphc  ty 
of  attack-points  by  the  more  complex  sulfonamides  quite  clearly  indicate, 
the  probable  value  of  the  use  of  multiple  inhibitor  capacities  in  one  mole- 
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cule,  or  of  the  administration  of  molecules  with  multiple  inhibitor  capacities 
in  simple  admixture.  The  introduction  of  the  concept  of  multiple  inhibitory 
activities  of  complex  sulfonamides  was  originally  made  by  Dorfman  and 
Koser  (1942)  as  a  result  of  their  observations  that  sulfapyridine  and  sulfa- 
thiazole,  in  contrast  to  sulfanilamide,  inhibit  the  nicotinamide  stimulated 
respiration  of  the  dysentery  bacillus  when  grown  on  a  medium  deficient  in 
nicotinamide.  This  inhibition  was  not  reversed  by  PABA.  The  growth  in¬ 
hibition  was  counteracted  by  PABA,  but  not  the  blockage  of  the  nicotina¬ 
mide  stimulated  respiration  effect.  Additional  evidence  of  the  overlap  phe¬ 
nomenon  as  seen  in  the  realm  of  the  sulfonamides  came  with  the  work  of 
West  and  Coburn  (1940)  who  found  that  nicotinic  acid  did  not  have  the 
reversing  power  of  coenzyme  I  on  the  bacteriostasis  produced  by  a  complex 
sulfonamide. 

Wood  and  Austrian  (1942)  emphasized  the  necessity  of  basing  asser¬ 
tions  concerning  antisulfonamide  activity  upon  the  demonstration  of  such 
action  in  systems  in  which  the  antisulfonamide  itself  produces  no  growth 
effect.  They  had  observed  the  direct  proportionality  between  growth  stimu¬ 
lant  action  and  the  ability  of  nicotinamide  and  cozymase  to  reverse  the 
bacteriostatic  effect  of  the  sulfonamides  against  Staphylococcus  aureus.  The 


position  of  those  investigators  attempting  to  correlate  the  inhibition  of 
nicotinic  acid  stimulated  respiration  with  growth  effects  of  sulfonamides  is 
rendered  untenable  by  the  fact  that  acetylsulfapyridine,  which  has  no  effect 
on  growth,  inhibits  this  same  respiratory  mechanism  (Koser  et  al.  1943- 
Wyss  et  al.,  1942). 

It  seems  clear  that  the  more  complex  sulfonamides  block  enzymatic 

°‘,her  than  th0se  primarily  associated  with  the  metabolism  of 
ABA  Such  overlap  may  lead  to  an  improved  chemotherapeutic  index  or 
it  may  lead  to  toxicity  as  in  the  case  of  sulfapyridine.  The  suggestion  may 
be  advanced  that  the  s.tnpler  structures  in  any  given  series  of  molecules 
Wtll  exert  greater  specificity  but  that  in  general  greater  specificity  may  be 
expected  to  correlate  with  diminished  chemotherapeutic  efficacy/ 

Mechanisms  of  Action  of  Sulfonamides  Explained  on  Bases  Other 
than  that  of  p-Ammobenzoic  Acid  Displacement 

Several  lines  of  evidence  exist  indicating  the  probability  that  PARA 
sffifofam/dTE  the  production  of  inhibitor  by 

of  sulfonamide/for  soi/bacterh/re  ^  baCterios‘a‘-  action 

these  bacteria  actu ally  "°  PA,BA  f°r  gr0Wth-  fact, 

y  destroy  PABA.  This  would  be  a  difficult  finding  to 
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integrate  into  the  concept  of  competitive  antagonism  by  the  sulfonamide 
for  an  enzyme  site. 

Another  line  of  evidence  against  the  PABA  displacement  concept  comes 
from  the  work  of  Snell  ( 1943)  who  found  that  anthranilic  acid  was  capable 
of  replacing  tryptophan  in  the  metabolism  of  Lactobacillus  arabinosus  and 
L.  casei.  The  growth  promoting  effect  of  anthranilic  acid  was  not  influenced 
by  the  simultaneous  additions  of  much  higher  levels  of  orthanilic  acid, 
orthanilamide,  or  2-(o-anilamido) -pyridine. 

Then  Sevag  and  Green  (1944,  1944b)  began  development  of  the  concept 
of  sulfonamide  activity  which  is  based  upon  the  assumption  that  PABA 
is  not  an  essential  metabolite  but  rather  a  nontoxic  analogue  able  to  dis¬ 
place  sulfonamides  from  an  enzyme  surface  without  itself  inhibiting  to  the 
same  extent  the  activity  of  the  enzyme.  Further,  the  concept  associates  sul¬ 
fonamide  action  with  the  inhibition  of  respiratory  enzymes,  depriving  cells 
of  energy  and  so  of  the  capacity  for  cell  division  and  growth. 

Sevag  and  Green  (1944)  reported  that  the  sulfonamides  inhibit  the 
oxidative-reductive  reactions  leading  to  the  synthesis  of  tryptophan  by 
Staphylococcus  aureus.  These  drugs  did  not  directly  interfere  with  the 
utilization  of  tryptophan.  In  other  words,  the  addition  of  tryptophan  to  the 
medium  abolished  the  inhibition  of  the  sulfonamide  by  50  per  cent  and 


completely  stopped  the  bacteriostasis  in  the  presence  of  pantothenic  acid 
and  riboflavin.  In  extending  their  work,  these  investigators  (1944a)  sug¬ 
gested  that  pantothenic  acid  mediates  the  metabolism  of  glucose  leading  to 
or  involved  in  the  synthesis  of  tryptophan  and  thereby  causing  bacterial 

growth. 

A  complete  lack  of  any  correlation  between  arylamine  formation  and 
sulfonamide  resistance  in  Staphylococcus  aureus  cultures  led  to  the  con¬ 
clusion  that  the  development  of  resistance  to  sulfonamides  is  associated 
with  the  development  of  a  sulfonamide  resistant  type  of  glucose  metabolism 
(Sevag  and  Green,  1944b).  The  acquired  resistance  with  respect  to  glucose 
metabolism  was  reversible  and  associated  with  amino  acid  metabolism 
through  tryptophan.  In  this  same  series  of  reports,  Sevag  and  Green 
(1944b)  propose  that  pantothenic  acid  not  only  mediates  the  metabolism 
of  glucose  leading  to  or  involved  in  the  formation  of  tryptophan  essential 
for  the  growth  of  the  exacting  strains  of  Staphylococcus  aureus  but  a  so 
functions  in  the  system  which,  in  the  presence  of  glucose,  oxidizes ^tryp  o- 
phan  to  arylamines.  The  critical  action  of  the  sulfonam.de  >s  stated  by  the  e 
investigators  to  be  that  of  inhibition  of  tryptophan  synthesis  from  glucose 


“studyingthe  details  of  the  glucose  metabolism  blockage  by  sulfonanudes 
Sevag  et  al  (19450  found  that  the  point  of  inhibition  is  the  oxidation  of 
Scose  to  formic  acid.  These  studies  were  carried  out  using  Eschench, 

coli. 
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A  more  specific  delineation  of  the  point  of  action  of  the  sulfonamides  has 
been  presented  by  Baumgartel  (1943)  who  states  that  PABA  functions  as 
a  hydrogen  transfer  agent  for  Escherichia  coli  and  other  facultative  an¬ 
aerobes,  enabling  them  to  thrive  under  anaerobic  conditions.  Nicotinamide 
acts  in  the  same  way.  Sulfonamides  according  to  this  hypothesis  block 
hydrogen  transfer.  In  the  same  vein,  Jensen  and  Schmith  (1942)  suggest 
that  these  drugs  displace  PABA  from  an  enzyme  and  are  bound  to  the 
apoenzyme  by  means  of  the  amino  group.  The  sulfone  groups  function 
only  in  that  they  change  the  equilibrium  constants  of  the  dissociation  of 
the  apoenzyme-sulfonamide  complex  through  an  inductive  action  on  the 
para-placed  amino  group. 

Sevag  et  al.  (1945,  1945a,  1945b,  1945c)  were  able  to  demonstrate 
blockage  by  sulfonamides  of  the  bacterial  decarboxylation  of  pyruvic  acid. 
Sulfathiazole,  most  closely  related  to  cocarboxylase,  was  the  most  powerful 
competitive  antagonist.  PABA  reversed  the  sulfonamide  effect  on  carbox¬ 
ylase  activity  and  it  is  difficult  to  place  the  nutrilite  in  the  picture  of  sub¬ 
strates  for  the  enzyme.  In  these  same  studies,  Sevag  and  his  associates 
established  the  relative  specificity  of  PABA  for  sulfonamide  inhibited  re¬ 
actions  by  proving  its  lack  of  effect  in  reversing  the  acetaldehyde  inhibition 
of  carboxylase. 


Support  of  Sevag’s  concept  of  sulfonamide  action  has  been  presented  by 
Altman  (1946)  who  found  a  correlation  between  sulfonamide  structure  and 
the  inhibition  of  respiratory  enzymes.  The  inhibition  of  glucose-phosphate 
dehydrogenase  by  sulfonamides  was  reversed  by  triphosphopyridine  nucleo¬ 
tide  or  substrate  but  not  by  PABA. 

There  are  numerous  observations  difficult  to  integrate  within  the  structure 
of  the  Sevag  hypothesis.  One  of  these  is  the  series  of  studies  demonstrating 
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concentrations  and  none  of  the  respiratory  coenzymes  possess 
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completely  lost  its  ability  to  synthesize  aspartic  acid.  The  specific  point  of 
blockage  is  suggested  as  that  ot  enzymes  involved  in  oxidative  deamination, 
flavoproteins  with  or  without  coenzyme  linked  dehydrogenase.  Such  block¬ 
age  would  prevent  the  cells  from  obtaining  energy  from  amino  acids  or 
producing  deaminated  compounds  as  carbon  sources  for  synthetic  purposes. 
The  organism  can  utilize  glucose  as  an  alternate  method  for  obtaining 
a-keto  acids  and  energy  for  the  synthesis  of  amino  acids. 

Support  of  the  Sevag  concept  of  sulfonamide  inhibition  of  dehydro¬ 
genases  comes  from  the  work  of  Gerundo  (1950)  who  found  inhibition  of 
lactic  dehydrogenase  by  succinylsulfathiazole.  Glucose  dehydrogenase  was 
not  affected.  Bacteria  capable  of  dehydrogenating  succinic  acid  are  resistant 
to  sulfonamides  but  susceptible  if  this  enzyme  is  lacking.  Shigella  sonnei, 
Proteus  vulgaris,  Escherichia  coli,  and  Aerobacter  aerogenes  were  capable 
of  dehydrogenating  succinic  acid  in  the  presence  of  sulfonamides. 

Sevag  and  Steers  (1950)  have  gone  beyond  the  concept  of  inhibition  by 
sulfonamides  of  glucose  and  amino  acid  metabolism  to  localize  the  mecha¬ 
nism  at  the  point  of  glucose-glutamic  acid  relationship.  They  indicate 
that  the  transaminating  role  of  glutamic  acid  in  the  synthesis  of  other  amino 
acids  would  naturally  place  it  at  the  center  of  the  sphere  of  sulfonamide 
function  in  chemotherapeutic  interference.  Tryptophan  also  occupies  a  key 
position.  Neither  tryptophan  nor  glucose  alone  overcame  the  inhibition  of 
sulfathiazole  but  in  combination  they  were  effective.  Again,  in  this  study, 
Staphylococcus  aureus  was  the  test  organism. 

Finally,  this  same  group  (Sevag  et  al.,  1950a)  from  a  study  of  sulfona¬ 
mide  resistant  and  susceptible  strains  of  Staphylococcus  aureus  conclude 
that  there  is  an  interrelation  of  tryptophan  and  pyruvate  metabolism.  Resist¬ 
ant  strains  have  a  glucose  or  pyruvate  metabolism  which  is  resistant  to  the 
action  of  the  drugs;  they  do  not  by-pass  pyruvate  metabolism.  Most  of  the 
amino  acids  have  been  implicated  in  the  modified  metabolism  associated 
with  sulfonamide  resistance,  and  in  one  case  involving  Lactobacillus  arabi- 
nosus  in  which  reversal  of  sulfonamide  action  did  not  occur  with  folic  acid, 
Koft  et  al.  (1950)  have  observed  reversal  with  PABA  and  with  some 


samples  of  lysine. 

Mutant  strains  of  Neurospora  crassa  have  been  obtained  (Emerson, 
1947)  in  which  the  antagonistic  roles  of  PABA  and  the  sulfonamides  have 
been  reversed.  With  these  strains,  the  sulfonamides  act  as  necessary  factors 
for  optimal  growth  and  PABA  is  a  potent  fungistatic  agent.  Emerson 
emphasizes  the  probability  that  the  sulfonamide  actually  is  utilized  by  the 
Neurospora  in  its  metabolism.  The  complexity  of  the  metabolic  catena¬ 
tion  of  this  mutant  is  reflected  in  its  need  for  both  sulfonam.de  and  PAB 
for  growth  and  by  the  fact  that  each  can  act  as  an  antagonist  for  the  other. 

The  observation  of  Emerson  cannot  be  fitted  into  the  pattern  of  sulfona 
mide  interference  with  the  synthesis  of  folic  acid,  but  might  e  in  egra  c 
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into  the  Sevag  concept  of  sulfonamide  blockage  of  glucose  and  amino  acid 
metabolism.  The  structural  similarity  of  PABA  and  the  sulfonamides  is  so 
marked  as  to  render  probable  the  capacity  of  each  to  function  as  a  cofactor 
or  trigger  mechanism  for  the  same  enzyme,  assuming  only  slight  modifica¬ 
tion  in  the  reaction  site  structures. 


Folic  Acid  Synthesis  as  the  Site  of  Sulfonamide  Action 


It  was  only  logical  to  anticipate  elucidation  of  the  site  of  action  of  sul¬ 
fonamides  with  development  of  knowledge  of  the  chemical  nature  of  the 
natural  forms  of  PABA.  Auhagen  (1943)  had  suggested  that  p-amino- 
benzoyl-L-glutamic  acid  was  the  answer.  He  claimed  that  this  compound 
had  ten  times  more  activity  than  an  equimolecular  quantity  of  PABA  as  an 
antagonist  of  sulfanilamide.  Williams  (1944)  failed  to  confirm  his  assertions. 

In  1946,  Lampen  and  Jones  reported  the  noncompetitive  antagonism 
between  sulfonamides  and  folic  acid.  This  antagonism  occurred  with  Strep¬ 
tococcus  jaecalis  R,  Lactobacillus  casei,  Lactobacillus  arabinosus,  and  a 
series  of  enterococci.  It  did  not  occur  with  Escherichia  coli,  Staphylococcus 


aureus,  or  Diplococcus  pneumoniae;  none  of  which  requires  either  PABA 
or  pteroylglutamic  acid  for  growth.  With  those  organisms  manifesting  pro¬ 
tection  by  folic  acid,  thymine  was  also  effective.  They  proposed  that  the 
synthesis  of  pteroylglutamic  acid  from  p-aminobenzoic  acid  was  the  point 
of  sulfonamide  action.  This  would  fit  the  pattern  of  competitive  antagonism 
of  sulfonamide  and  PABA  and  noncompetitive  antagonism  between  sul¬ 
fonamide  and  pteroylglutamic  acid. 


In  general,  sulfonamides  are  counteracted  by  folic  acid  when  the  test 
organisms  themselves  synthesize  the  vitamin;  no  antagonism  occurs  with 
those  organisms  requiring  preformed  folic  acid  for  growth  (Lampen  and 
Jones,  1946a).  Pteroic  acid  antagonized  sulfonamides  with  some  folic 
synthesizing  bacteria  but  not  with  others.  The  interpretation  of  this  finding 
is  that  conversion  of  pteroic  acid  to  pteroylglutamic  acid  is  sulfonamide 
sensitive  in  some  of  these  organisms  and  not  in  others. 

Emphasis  has  been  placed  by  Lampen  and  Jones  (1947)  on  inability  of 
pteroylglutamic  acid  to  replace  PABA  in  growth  promotion  with  some 
microorganisms,  .  e„  a  mutant  strain  of  Escherichia  coli  requiring  PABA 
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nism  is  explained  as  being  due  to  the  inhibition  by  the  d-catechin  of  hy- 
aluronidase  with  resultant  polymerization  of  hyaluronic  acid  and  decreased 
cellular  permeability.  Inasmuch  as  it  is  a  nonspecific  phenomenon — effec¬ 
tive  against  sulfonamides  and  antibiotics— the  likelihood  is  that  this 
proposal  will  be  sustained. 

The  concept  of  sulfonamide  action  must  account  for  the  almost  universal 
efficacy  of  PABA  as  an  antagonist  and  for  the  limited  ability  of  pteroyl- 
glutamic  acid  to  function  in  this  antagonistic  capacity.  It  can  be  stated 
that  the  antisulfonamide  effect  of  PABA  has  been  found  with  all  micro¬ 
organisms  tested  excepting  Bacterium  tularense  (Tamura,  1944).  At  the 
same  time,  there  are  a  number  of  microorganisms  which  are  susceptible  to 
the  action  of  sulfonamides  but  with  which  pteroylglutamic  acid  does  not 
antagonize  the  sulfonamide.  Woods  (1950)  offers  three  possible  explana¬ 
tions  of  this  discrepancy  in  the  basic  concept.  The  points  precisely  parallel 
those  offered  by  Lampen  et  al.  (1946)  in  explanation  of  the  inability  of 
pteroylglutamic  acid  to  replace  PABA  in  the  growth  of  some  microorgan¬ 
isms.  Again,  it  seems  probable  that  permeability  is  the  factor  primarily 
responsible  for  the  failure  of  pteroylglutamic  acid  to  antagonize  the  action 
of  sulfonamides  on  some  bacteria.  Inasmuch  as  a  sulfonamide  can  be 
rendered  ineffective  against  Staphylococcus  aureus  by  virtue  of  altered 
permeability  (Martin  et  al.,  1949),  it  is  not  difficult  to  imagine  a  relative 
selectivity  based  upon  a  permeability  which  distinguishes  between  a  mole¬ 
cule  of  the  proportions  of  PABA  and  one  of  the  magnitude  of  pteroylglu¬ 
tamic  acid.  In  general,  this  factor  of  permeability  forms  a  constant  shadow 
for  all  studies  of  biological  antagonism  and  must  be  given  detailed  con¬ 
sideration  in  the  elaboration  of  any  concept  of  mechanism. 

While  Lampen  and  Jones  (1947)  were  studying  the  inability  of  folic 
acid  to  replace  PABA  in  the  nutrition  of  certain  organisms,  the  English 
workers  associated  with  Woods  were  investigating  the  ability  of  folic  acid 
to  reverse  the  growth  inhibiting  action  of  sulfonamides  in  those  bacteria 
which  require  PABA.  They  found  one  series  in  which  pteroylglutamic  acid 
acted  as  a  noncompetitive  antagonist.  With  Clostridium  acetobutylicum 
and  Lactobacillus  plantarum,  the  concentration  of  folic  acid  required  for 
reversal  of  the  sulfonamide  was  essentially  the  same  as  that  required  to 
replace  PABA  as  a  growth  factor  for  these  organisms;  however,  the  molar 
concentration  required  for  both  purposes  was  from  10-100  times  greater 
than  that  of  PABA  (Nimmo-Smith  and  Woods,  1948).  They  offer  two 
alternatives  in  explanation  of  this  finding;  less  efficient  absorption  of 
pteroylglutamic  acid  or  lack  of  identity  of  this  material  with  the  form  of  this 

vitamin  normally  synthesized.  , 

In  an  associated  experiment,  these  same  workers  (Nimmo-Smith  et  al., 
1948)  were  able  to  demonstrate  a  quantitative  relationship  between  the 
concentration  of  PABA  in  a  medium  and  the  amounts  of  Lactobacillus 
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casci  factor  produced.  The  microorganism  used  was  Lactobacillus  plan- 
tarum.  Another  significant  finding  was  that  synthesis  began  at  just  that 
concentration  of  PABA  normally  found  limiting  for  growth.  The  synthesis 
of  the  factor  was  inhibited  competitively  by  sulfonamides.  These  findings 
strongly  substantiate  the  concept  of  the  existence  of  various  forms  of  folic 
acid. 

In  addition  to  the  series  of  bacteria  with  which  pteroylglutamic  acid  acts 
as  a  noncompetitive  inhibitor  for  sulfonamides,  there  is  another  group  of 
PABA  requiring  microorganisms  for  which  pteroylglutamic  acid  can  be 
either  a  competitive  inhibitor  or  entirely  inactive. 


Various  Forms  of  Folic  Acid 


In  explanation  of  the  inability  of  pteroylglutamic  acid  to  replace  PABA 
in  growth  promotion  with  certain  organisms,  and  of  the  failure  of  the 
glutamic  acid  derivative  to  reverse  the  action  of  sulfonamides,  several 
groups  of  investigators  (Lampen  and  Jones,  1947;  Nimmo-Smith  and 
Woods,  1948)  raise  the  question  of  the  nonidentity  of  various  forms  of 
folic  acid.  There  are  many  reports  favoring  this  position,  and  inasmuch 
as  the  concept  seems  the  most  logical  explanation  of  various  unexplained 
aspects  of  the  action  of  sulfonamides,  a  review  of  the  subject  is  in  order. 

Hall  (1947,  1947a,  1947b)  first  proposed  the  existence  of  a  multiplicity 
of  folic  acid  factors  in  natural  sources.  His  initial  publication  stated  his  be¬ 
lief  that  the  folic  acid  of  Mitchell  et  al.  (1941)  was  not  identical  with 
pteroylglutamic  acid  but  more  nearly  comparable  to  the  vitamin  B,.  of 
Binkley  et  al.  (1943),  although  the  close  chemical  relationship  of  the 
factors  was  conceded.  Subsequently,  he  noted  the  reversal  by  both  pteroyl¬ 
glutamic  and  folic  acid  of  the  inhibitor  action  of  quinoxaline  on  the  growth 
of  Streptococcus  lactis  R  (Hall,  1947a).  In  the  last  paper  of  the  series,  the 
ability  of  histidine  to  react  with  some  component  of  a  bacterial  medium  and 
t  us  form  a  product  capable  of  functioning  as  folic  acid  was  recorded  alon^ 

with  the  statement  that  this  complex  was  neither  folic  acid  nor  pterovl- 
glutamic  acid.  J 


Proof  of  the  nonidentity  of  various  folic  acid  factors  came  with  the  de¬ 
termination  of  the  chemical  nature  of  the  Streptococcus  faecalis  R  factor  as 
ormylpterotc  aod  (rhizopterin),  which  has  greater  growth  factor  activity 
than  pteroic  and  (Rtckes  et  al.,  1947).  Again,  formylptcroylglutamic  add 
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substances  possessing  activity  in  the  Lactobacillus  casei  assay.  Simultane¬ 
ously,  Bardos  et  al.  (1949)  disclosed  their  finding  of  enhanced  potency  of 
“folinic  acid”  by  thymidine  and  of  the  destruction  of  “folinic  acid”  by  acid 
hydrolysis  with  resultant  formation  of  a  compound  with  all  of  the  biological 
activities  of  folic  acid. 

Further  proof  of  the  multiplicity  of  folic  acid  factors  lies  in  the  fact  that 
natural  concentrates  active  for  the  growth  of  Leuconostoc  citrovorum  re¬ 
verse  the  toxicity  of  metabolite  antagonists  of  folic  acid  under  conditions  in 
which  pteroylglutamic  acid  is  ineffective  (Broquist  et  al.,  1950).  Studies  in 
mice  also  indicate  that  CF  concentrates  protected  mice  against  the  toxicity 
of  4-aminopteroylglutamic  acid;  pteroylglutamic  acid  was  without  effect. 
Later,  this  group  (Broquist  et  al.,  1950a)  extended  their  work,  reporting 
that  thymidine  reduced  the  requirement  of  CF  factor  of  Leuconostoc  citro¬ 
vorum.  Furthermore,  CF  factor  was  a  competitive  inhibitor  and  thymidine 
a  noncompetitive  inhibitor  of  4-aminopteroylglutamic  acid.  That  CF  factor 
is  a  biologically  active  derivative  of  pteroylglutamic  acid  seems  certain,  as 
a  compound  possessing  the  activity  of  folic  acid  is  liberated  from  it  by  acid 
hydrolysis.  The  identity  of  “folinic  acid”  and  the  CF  factor  seems  probable. 

While  the  implications  of  these  findings  are  that  folic  may  be  an  inter¬ 
mediate  in  the  formation  of  the  related  molecules  of  similar  functional 
activity,  it  is  possible  that  some  folic  acid  factors  may  prove  to  be  more 
complex  units  in  the  biosynthesis  of  which  folic  acid  is  not  required. 

The  secondary  sulfonamide  inhibitors  of  Kohn  and  Harris  (1943)  must 
also  be  fitted  into  the  pattern  of  a  theory  of  sulfonamide  action.  This  has 
been  done  by  Lampen  and  Jones  (1947)  and  by  Woods  (1950)  for  amino 
acids  and  nucleic  acid  derivatives. 

In  the  case  of  the  nucleic  acid  derivatives,  the  evidence  indicates  that  the 
formation  of  thymine  and  the  purines  occurs  as  a  result  of  folic  acid  func¬ 
tion.  The  secondary  inhibitory  characteristics  of  these  factors  would  be  due 
to  their  identity  with  the  products  of  an  enzymatic  reaction.  The  antagonism 
should  be  and  is  noncompetitive.  Stokes  (1944)  first  suggested  that  pteroyl¬ 
glutamic  acid  acts  as  a  cofactor  in  the  synthesis  of  thymine.  Later,  Hitchings 
et  al.  (1945)  and  Strandskov  and  Wyss  (1946)  observed  that  5-bromoura- 
cil  and  similar  compounds  inhibit  the  growth  of  Lactobacillus  casei  with 
thymine  but  not  with  folic  acid  present  in  the  medium.  Lampen  and  Jones 
(1947)  interpreted  these  findings  to  indicate  that  the  product  of  the  action 
of  folic  acid  is  a  thymine  precursor  rather  than  thymine  itself.  As  these  in¬ 
vestigators  point  out,  such  a  mechanism  would  permit  thymine  promoted 
growth  to  be  antagonized  by  agents  ineffective  against  folic  acid  promote 

growth.  .,  .  . 

Elucidation  of  these  findings  came  with  studies  of  folic  acid  antagonists^ 

Shive  et  al.  (1948)  observed  that  methylpteroylglutamic  acid  was  reversed 
not  only  by  folic  acid  (Martin  et  al.,  1947a)  but  also  by  thymidine. 
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Thymine  was  not  effective.  The  studies  were  conducted  with  Leuconostoc 
mesenteroides,  an  organism  for  which  p-aminobenzoic  acid  is  an  essential 
growth  factor. 

It  is  probable  that  folic  acid  is  involved  in  the  synthesis  not  only  of 
thymine  but  also  of  purines  and  pteridines.  This  contention  is  supported  by 
the  work  of  Rogers  and  Shive  (1948)  who  found  that  the  inhibitor- 
metabolite  ratio  was  increased  two  to  three  times  by  the  presence  of  purines 
in  the  medium  and  another  ten  times  if  thymine  were  also  added.  The  folic 
acid  analogue  was  not  able  to  block  some  measure  of  growth  with  both 
thymine  and  purines  present.  The  test  organism  for  this  work  was  Lactoba¬ 
cillus  casei. 

Folic  acid  deficiencies  should  not  differ  whether  created  by  removing  this 
factor  from  the  medium,  by  blocking  its  formation  by  the  use  of  a  sulfon¬ 
amide,  or  by  displacing  the  formed  folic  acid  molecule  through  the  use  of  a 
compound  such  as  methylfolic  acid.  This  concept  would  necessarily  be 
based  upon  the  idea  that  the  sulfonamides  and  the  folic  displacers  possessed 
no  action  other  than  the  specific  one  of  interference  with  pteroylglutamic 
acid  nutrition.  It  is  difficult  to  understand  therefore  why  thymine  blocks 
sulfonamides  but  not  folic  acid  antagonists,  and  conversely  why  thymidine 
reverses  the  folic  displacers. 


Generally,  the  interrelationship  of  thymine  with  the  purines  and  the 
amino  acids  is  so  intimate  as  to  make  the  study  of  one  impossible  without 
involvement  of  the  others.  These  secondary  antagonists  of  sulfonamide  ac¬ 
tion  are  certainly  products  or  the  equivalent  thereof  of  enzymatic  reactions 
involving  PABA.  In  this  connection,  Shive  and  Roberts  (1946)  proposed 
the  term  “product  inhibition  index,”  and  defined  it  as  the  molp.r  mtio  of 
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placement  through  4-aminopteroylglutamic  acid  or  by  prevention  of  folic 
acid  formation  through  sulfonamides,  the  same  intermediary  in  the  biosyn¬ 
thesis  of  purines  accumulates  in  the  culture.  This  can  only  be  interpreted  as 
indicating  the  blockage  of  purine  synthesis  at  this  stage  due  to  inadequate 
supply  of  folic  acid.  The  correlative  of  this  is  that  the  prime  point  of  action 
of  the  sulfonamides  is  the  displacement  of  PABA  from  an  enzyme  surface 
involved  in  the  formation  of  pteroylglutamic  acid.  It  will  be  recalled  that 
Escherichia  coli  is  an  organism  with  which  the  inhibitory  action  of  a  sulfon¬ 
amide  is  not  reversed  by  PABA  (Lampen  and  Jones,  1946). 

In  general,  those  substances  known  to  antagonize  noncompetitively  the 
bacteriostatic  power  of  the  sulfonamides  will  also  replace  PABA  as  growth 
factors  of  bacteria.  Secondary  inhibitors  for  one  bacterium  will  not  neces¬ 
sarily  function  for  another.  The  picture  as  a  whole  is  complex.  In  addition 
to  methionine,  lysine,  serine,  glycine,  allothreonine,  threonine,  leucine, 
valine,  and  possibly  others,  amino  acids  are  known  antisulfonamides.  Among 
the  nucleic  acid  derivatives  not  only  thymine  but  also  adenine,  guanine,  and 
xanthine  function  as  sulfonamide  antagonists. 

Lampen  et  al.  (1946)  produced  a  mutant  of  Escherichia  coli  which  re¬ 
quired  PABA  for  growth.  With  this  mutant,  they  found  that  PABA  could 
be  largely  replaced  by  adding  thymine,  purines,  and  amino  acids.  In  the 
presence  of  these  components,  the  bacteria  were  resistant  to  the  action  of 
sulfonamides.  Parallel  results  have  been  reported  (Woods,  1950)  with  a 
yeast,  designated  as  “45,”  which  grew  in  the  absence  of  PABA  if  adenine 
and  certain  amino  acids,  specifically  methionine  and  leucine,  were  supplied. 
While  the  adenine-amino  acids  combination  did  not  completely  reverse 
sulfonamide  activity,  a  partial  reversal  ensued. 

With  microorganisms  not  requiring  PABA,  i.e.,  Escherichia  coli,  the 
amount  of  PABA  needed  to  antagonize  a  sulfonamide  is  reduced  markedly 
by  the  addition  of  methionine  and  still  further  upon  the  addition  of  guanine 
or  xanthine  (Shive  and  Roberts,  1946).  Another  such  study  (Winkler  and 
deHaan,  1948)  demonstrated  similar  reduction  in  the  amount  of  PABA 
necessary  for  sulfonamide  reversal  upon  the  addition  of  methionine,  xan¬ 
thine,  and  serine.  With  pteroylglutamic  acid  or  thymine  added,  no  PABA 
was  needed.  Finally,  the  addition  of  valine  brought  the  growth  rate  up  to 
normal.  Winkler  and  deHaan  (1948)  propose  the  existence  of  at  least  four 
enzyme  systems  involving  PABA  which  can  be  blocked  by  sulfonamides 
and  which  are  involved  in  the  synthesis  of  methionine,  xanthine,  serine,  and 
pteroylglutamic  acid. 

Comparatively  few  studies  involving  sulfonamides  and  folic  acid  ana¬ 
logues  in  the  same  test  system  have  been  made.  One  such  study  involving 
Staphylococcus  aureus  led  to  the  observation  that  methylfolic  acid  is 
counteracted  by  pteroylglutamic  acid,  pteroic  acid,  sulfathiazole,  and  p- 
aminobenzoic  acid,  but  not  by  p-aminobenzoyl-L-glutamic  or  glutamic 
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acids.  In  the  same  system,  sulfathiazole  was  reversed  by  PABA  and  pteroic 
acid  but  not  by  pteroylglutamic,  glutamic,  or  p-aminobenzoyl-L-glutamic 
acids  (Martin  et  al.,  1947,  1947a).  From  the  standpoint  of  interpretation, 
two  features  of  the  results  are  confusing.  First,  why  does  pteroic  acid  re¬ 
verse  the  sulfathiazole  while  pteroylglutamic  acid  does  not?  It  may  be  that 
pteroic  acid  is  the  prime  functional  unit  with  this  microorganism,  or  the 
factor  of  permeability  may  enter.  Each  displacing  agent  in  itself  may  well 
affect  permeability.  In  this  case,  the  sulfonamide  would  have  to  reduce 
permeability  and  the  folic  acid  analogue  would  either  have  no  effect  or  tend 
to  increase  permeability.  If  the  sulfonamide  reduced  permeability,  the  folic 
molecule  might  not  pass  into  the  interior  of  the  cells.  Second,  what  is  the 
function  of  sulfathiazole  in  reversing  the  action  of  7-methylfolic  acid?  Here, 
again,  the  explanation  may  be  that  the  sulfonamide  decreases  permeability, 
rendering  the  cell  immune  to  the  analogue.  This  same  basic  mechanism 
would  explain  not  only  the  sulfonamide  effect  in  antagonizing  7-methylfolic 
acid  but  also  the  inability  of  pteroylglutamic  acid  to  reverse  sulfonamide  ac¬ 
tion  with  this  test  system. 

Both  Auhagen  (1948)  and  Moller  et  al.  (1949)  classify  all  bacteria  into 
three  groups.  The  first  group  (Gram-negative)  do  not  require  preformed 
folic  acid  for  growth  and  are  inhibited  by  sulfonamides.  The  sulfonamide 


effect  is  not  reversed  by  added  folic  acid.  The  second  group  (Gram-positive 
microorganisms)  do  not  require  preformed  folic  acid,  and  are  susceptible 
to  the  action  of  sulfonamides.  With  these  bacteria,  the  growth  inhibitor  ac¬ 
tion  of  the  drug  is  reversed  by  folic  acid.  Finally,  the  third  group  (Gram¬ 
positive)  is  designated  as  being  constituted  by  those  bacteria  requiring  pre¬ 
formed  folic  acid  for  growth  and  insensitive  to  the  effect  of  the  sulfonamides. 

As  an  example  of  a  Group  I  bacterium,  they  list  Escherichia  coli  1883 
Co.  With  this  microorganism,  the  effect  of  sulfathiazole  was  reversed  bv 
PABA  and  p-aminobenzoyl-L-glutamic  acid  but  not  by  pteroic  acid,  rhi- 
zoptenn,  folic  acid,  formylfolic  acid,  teropterin,  or  vitamin  Bjo.  Thymine 
reversed  about  50  per  cent  of  the  antagonism.  Addition  of  purines  pyrim- 
idmes  am.no  acids,  vitamins,  etc,,  did  not  make  the  thymine  effect  com¬ 
plete.  A  strain  of  Staphylococcus  aureus  was  used  by  these  investigators  as 
typical  o  Group  II.  All  of  the  aforementioned  compound,  w  Xe  ex 
ceptton  of  vitamin  I!,,  reversed  the  action  of  sulfonamides  on  Z group 

Molter  et  al.  (1949)  were  able  to  transform  Group  II  into  Group 

sulfathiazole  The  folic^d  "’r°U8h  3  med'Um  containin8  folic  acid  and 
sulfonamide  *  waT  om  .  d  ^3',^  mldtm^Th"  ^  ",  Wh“  ^ 
brought  about  the  same  transfolation  as tlte  olid* 
change*could  not  be  brought  ibcmt  th™  u  ?  the  Su  fa  drug-  Thls 

sulfathiazole  and  PABA  Groun  T  t  •  ^  f  USC  a  med*urn  containing 

III  bacteria.  UP  1  StFamS  COuld  not  be  converted  into  Group 
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The  basic  mechanism  of  this  transformation  from  bacteria  not  requiring 
folic  acid  to  those  dependent  on  the  nutrilite  is  a  fundamental  observation. 
A  metabolite  analogue  is  used  to  block  a  normal  synthetic  mechanism;  then 
the  bacterium  forgets  for  a  time  how  to  perform  this  synthesis  and  finally 
the  capacity  is  reinstituted.  Not  only  is  this  doubtless  the  explanation  of  the 
development  of  resistance  or  the  loss  of  it  but  also  it  represents  in  bacteria 
a  phenomenon  which  is  the  equivalent  of  a  loss  of  memory  and  subsequent 
recovery. 

Confirmation  and  extension  of  the  work  of  Moller  et  al.  (1949)  was 
presented  in  1950  by  Harrison  and  Clapper  who  found  that  sulfonamide 
resistant  strains  of  Streptococcus  mitis  had  lost  the  ability  to  synthesize 
pteroylglutamic  acid.  Vitamin  requirements  of  this  sulfonamide  resistant 
strain  paralleled  those  of  Streptococcus  juecalis  and  were  different  from  those 
of  the  parent  sulfonamide  susceptible  types  excepting  in  regard  to  biotin 
and  pantothenate  requirements.  This  report  indicates  major  metabolic 
modifications  with  the  development  of  sulfonamide  resistance.  These 
changes  may  reflect  an  extension  of  the  effect  of  sulfathiazole  beyond  the 
sphere  of  pteroylglutamic  acid  metabolism  or  possibly  suggest  that  loss  of 
capacity  for  the  synthesis  of  this  nutrilite  brought  into  play  channels  of 
biochemistry  requiring  modified  vitamin  needs. 

Morgan  (1948)  first  demonstrated  the  pteroylglutamic  acid-PABA- 
sulfonamide  interrelationship  in  the  virus  field.  Using  psittacosis  virus  as 
the  test  system,  he  found  that  not  only  PABA  and  folic  acid  but  also  pteroic 
acid  reversed  the  growth-inhibitor  effect  of  sulfadiazine  (Morgan,  1948a). 
Both  PABA  and  pteroic  acid  were  competitive  antagonists;  pteroylglutamic 
acid  was  noncompetitive.  Morgan’s  observations  fit  well  into  the  pattern 
established  for  bacterial  systems  excepting  in  regard  to  the  competitive 
antagonism  manifested  by  pteroic  acid.  The  implication  of  this  finding  is 
that  pteroic  acid  is  a  stage  intermediate  between  PABA  and  the  final  syn¬ 
thesis  of  folic  acid  by  the  psittacosis  virus.  This  corresponds  to  the  sulfon¬ 
amide  sensitive  pteroic  acid  to  pteroylglutamic  acid  sequence  in  bacterial 

systems  (Lampen  and  Jones,  1946a). 

Results  similar  to  those  of  Morgan  (1948,  1948a)  were  reported  during 
the  same  year  by  Golub.  He  also  used  the  psittacosis  virus  and  found  it 
susceptible  to  the  action  of  sulfadiazine.  PABA  was  a  competitive  antago¬ 
nist.  With  the  only  other  virus  tested,  lymphogranuloma  venereum,  the 
same  antagonistic  effect  was  not  shown.  Pteroylglutamic  acid  was  required 
in  higher  amounts  for  reversal  of  sulfadiazine  as  contrasted  to  PABA. 
Resistant  strains  of  psittacosis  virus  were  developed  to  sulfadiazine  and  it 
was  found  that  these  same  strains  were  also  resistant  to  sulfathiazole  and 

sulfamerazine.  . 

Seva*  and  his  co-workers  have  taken  exception  to  some  of  the  work  ot 

Lampen  and  Jones  (1946a,  1947)  in  which  they  reported  that  PABA,  p- 
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aminobenzoylglutamic  acid,  pteroic  acid,  pteroylglutamic  acid,  and  pteroyl- 
triglutamic  acid  promote  growth  in  cultures  of  Lactobacillus  arabinosus, 
due  to  the  conversion  of  the  simpler  factors  into  folic  acid.  Using  this  same 
test  organism,  Koft  et  al.  (1950)  found  that  the  effect  of  these  various 
PABA-containing  units  was  due  not  to  their  integration  into  folic  acid  but 
rather  to  their  disintegration  into  free  PABA  or  p-aminobenzoylglutamic 
acid.  Folic  acid  per  se  was  not  a  growth  stimulant  for  Lactobacillus  ara¬ 
binosus.  Further,  with  this  test  organism  folic  acid  did  not  reverse  the 
growth  inhibitory  effects  of  sulfanilamide  (Sevag  et  al.,  1950).  Any  an¬ 
tagonism  manifested  by  pteroylglutamic  acid  toward  a  sulfonamide  is  ap¬ 
parently  due  to  decomposition  of  the  vitamin  with  liberation  of  the  simpler 
components  which  then  counteract  the  drug. 


Recapitulation 

The  cardinal  feature  of  the  mechanism  of  action  of  sulfonamides  as 
bacteriostatic  agents  is  their  reversal  by  PABA.  No  other  known  chemical 
or  group  of  chemicals  completely  possesses  this  power.  Therefore,  the 
premise  can  be  made  that  all  threads  of  any  concept  must  be  woven  into 
the  fabric  of  PABA  metabolism.  The  theory  may  be  promulgated  that  all 
secondary  inhibitors  are  the  products  of  enzymatic  reactions  associated  with 
some  PABA-containing  folic  acid  molecule.  Finally,  a  multiplicity  of  such 
factors  must  exist  and  the  formation  of  some  of  these  complex  units  may 
be  via  channels  other  than  that  of  pteroylglutamic  acid.  Having  stated  the 
concept,  let  us  attempt  to  fit  the  known  facts  into  the  pattern. 

1.  PABA  is  not  solely  an  inhibitor  of  the  action  of  sulfonamides  as  it 
functions  as  an  antagonist  for  sodium  p-nitrobenzoate,  sodium  phenylar- 
sonate  etc.  Evidence  has  not  yet  accumulated  but  the  recorded  observations 
cou  d  be  fitted  into  the  pattern  of  PABA  displacement  with  resultant  pre¬ 
vention  of  the  formation  of  some  folic  acid  type  molecule. 

In  this  connection,  it  is  to  be  emphasized  that  the  concept  of  biological 

find  par!  at£S  "  “  °f  abS°,Ute  SpeClfidty  in  -y  n  and  here  we 

similar  to  PABA  ini  ,aCt‘°n  °u°ther  antibac,erial  aSents.  molecules 
'  ,  r  to  PABA  in  structure,  such  as  2-aminopyrimidine-5-carboxvlic  acid 

displaying  an  antisulfonamide  effect  (Martin  et  al.,  1944).  Y  ‘  ’ 

2.  PABA  will  not  counteract  all  of  the  effects  of  snlfnnnmirU 

duction  of  fever  and  rash  by  sulfathiazole  in  patients  Th/  ^  e'8’’  Pr°" 
restricts  its  sphere  to  the  bacteriostatic  action  of  th/  if  C°nC^pt  as  stated 
likely  that  every  manifestation  of  the  toxicity  of  .Tm  “  ‘S  "0t 
mirrored  in  its  inhibition  of  PABA  comnlov^  f  c  Sulfonamide  Wl11  be 
terns.  This  is  particularly  oTvtw of £ “  enzymatic 
sulfonamides  to  inhibit  enzymatic  sy^tentsfnvrU  P°Wer  °f  *e  comPlex 
boxylase.  The  correlattve  is  als" "rue  Z  ““  W 

nicottnic  acid  and  cocarboxylase  will  reverse  the  inhibitory  pTeVoflub 
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fapyridine  and  sulfathiazole  respectively.  In  general,  the  pharmacological 
characteristics  of  sultonamides  arc  associated  with  the  complex  members 
of  the  series,  and  these  effects  are  not  reversed  by  PABA.  As  an  example, 
sulfonamides  inhibit  the  effect  of  nicotine  on  the  isolated  intestine  and  there 
is  no  reversal  by  PABA  (Pick  et  ah,  1944). 

The  correlation  of  acute  toxicity  values  with  complexity  of  the  sulfon¬ 
amide  type  indicates  that  the  substituent  units  are  primarily  responsible  or 
at  least  of  major  importance.  Sulfanilamide  is  the  least  toxic;  sulfathiazole, 
sulfadiazine,  and  sulfamerazine  are  roughly  twice  as  toxic;  sulfapyridine  and 
sulfamethazine  are  three  times  as  toxic,  and  sulfaguanidine  about  six  times 
as  toxic.  Furthermore,  the  manifestations  of  toxicity  vary  from  marked 
depression  with  sulfanilamide  to  extreme  stimulation  with  sulfapyridine.  It 
is  safe  to  state  that  the  toxic  effects  of  these  drugs  do  not  indicate  a  similar 
pattern  and  it  seems  reasonable  to  assume  that  acute  toxicides  of  sulfon¬ 
amides  are  reflections  of  their  antagonism  of  different  enzymatic  mecha¬ 
nisms. 

Finally,  while  chronic  toxicity  studies  in  animals  frequently  have  resulted 
in  the  precipitation  of  a  folic  acid  deficiency  state,  this  is  due  to  inhibition 
of  folic  acid  synthesis  by  bacteria  in  the  gastrointestinal  tract  and  it  cannot 
in  any  manner  be  correlated  with  modification  of  PABA  metabolism  within 
the  animal. 

3.  The  proposed  correlation  of  capacity  for  the  synthesis  of  PABA  and 
sulfonamide  susceptibility  fits  well  into  the  pattern  of  those  microorganisms 
in  which  such  relations  exist;  but  there  are  bacteria  (i.e.,  E.  coli )  resistant 
to  the  action  of  these  drugs  which  do  not  produce  increased  amounts  of 
PABA.  If  we  assume  that  PABA  is  in  some  manner  associated  with  the 
formation  of  all  hypothetical  types  of  folic  acid  molecules,  it  appears  im¬ 
possible  to  fit  the  reality  into  the  hypothesis.  This  is  particularly  confusing 
because  PABA  will  reverse  the  action  of  sulfonamides  on  Escherichia 


coli. 

The  means  of  integrating  such  observations  into  the  concept  follow  two 
lines.  One  is  that  the  method  used  for  the  determination  of  PABA  may  not 
have  been  specific,  that  is,  it  may  not  have  revealed  PABA  in  combination, 
or  natural  antagonists  may  have  been  present  creating  a  false  impression 
of  the  absence  of  increased  PABA.  The  second  line  of  thought  is  related  to 
the  idea  that  increased  utilization  rather  than  increased  production  of 
PABA  might  be  the  underlying  principle.  If  the  actual  sultonami  e  re¬ 
sistance  is  associated  with  the  formation  of  some  folic  acid  type  molecule, 
then  clearly  there  will  be  many  factors  other  than  PABA  concentration 
which  will  control  the  extent  of  such  reaction,  i.e.,  enzyme  concentrations, 
concentrations  of  other  components  of  the  folic  molecule  whic  wou  e 
substrates  for  the  formative  enzyme,  absence  of  natural  inhibitors  etc. 

4  One  major  group  of  secondary  inhibitors  of  the  sulfonamides 
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amino  acid  series.  These  acids  are  noncompetitive  inhibitors  and  behave 
in  a  manner  suggesting  that  they  represent  the  products  of  enzymatic  actions 
associated  with  PABA  metabolism. 

The  most  probable  mechanism  of  involvement  of  PABA-containing  units 
in  this  system  is  that  of  interference  by  sulfonamides  with  transamination 
mechanisms.  Sevag  and  Steers  (1950)  place  glutamic  acid  and  its  relation¬ 
ship  with  glucose  at  the  heart  of  their  concept  of  inhibition  of  bacterial 
respiration  by  sulfonamides.  They  (Steers  and  Sevag,  1949)  suggest  as  the 
specific  point  of  blockage  the  enzymes  involved  in  oxidative  deamination, 
flavoproteins  with  coenzyme  linked  dehydrogenases.  Many  dehydrogenases 
require  coenzymes  I  and  II,  and  both  of  these  cofactors  are  adenine-con¬ 
taining  complexes. 

If  we  now  accept  the  explanation  offered  by  Woods  (1950)  of  Sevag’s 
theory  of  sulfonamide  action  we  arrive  at  a  hypothetical  but  complete  in¬ 
tegration  of  secondary  amino  acid-sulfonamide  antagonists  within  the 
framework  of  the  general  concept  of  PABA  metabolism  and  sulfa  activity. 

An  alternative  has  been  proposed  by  Woods  (1950)  based  upon  reports 
(Gale,  1945;  Giese  and  Tatum,  1946;  Havinga  et  al.,  1946)  that  sulfon¬ 
amides  interfere  with  peptide  and  protein  synthesis.  As  Woods  indicates, 
the  decreased  peptide  synthesis  could  well  be  a  manifestation  of  decreased 
amino  acid  formation.  This  latter  suggestion  would  fit  the  experimental 
observations  into  the  aforementioned  concept. 

5.  The  other  major  group  of  sulfonamide  inhibitors  of  secondary  nature 
is  the  nucleic  acid  derivatives.  The  evidence  reviewed  leaves  little  doubt 
that  these  compounds  are  products  of  enzymatic  reactions  involving  a  folic 
acid  complex  and  consequently  PABA.  Two  lines  of  evidence  establish  this 
point.  First,  thymine  with  certain  purines  can  replace  folic  acid  as  a  growth 
factor  and  as  an  antisulfonamide;  and  second,  both  sulfonamides  and  anti- 
folic  compounds  cause  the  accumulation  of  4-amino-5-imidazolecarbox- 
amide  which  is  a  precursor  in  the  biosynthesis  of  purines. 

tion  JhpAPR4ib.m«  that  sulfonamides  might  prevent  the  enzymatic  forma- 
ve  re hr  t  Is  lmmediately  d'sP°sed  of  by  the  fact  of  the  competi- 
"Th‘P  ?  metabolite  and  inhibitor.  If  sulfonamides  interfered 

competitive  Zymat‘C  '‘0n  °f  PABA’  the  KlationshiP  would  b*  "on- 

7.  The  failure  of  pteroylglutamic  acid  to  replace  PABA  as  a  Growth 
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be  explained  by  the  proposed  inhibition  of  hyaluronidase  by  the  bio¬ 
flavonoid  with  resulting  decreased  permeability  of  the  cell. 

b.  Reversal  of  the  antagonistic  roles  of  PABA  and  the  sulfonamides  is 
difficult  to  fit  into  the  pattern  of  PABA  displacement  as  the  prime  function 
of  sulfonamides.  If,  as  Emerson  (1947)  indicates,  the  sulfonamide  actually 
is  utilized  in  Neurospom  metabolism,  one  would  have  to  raise  the  potential¬ 
ity  that  an  analogue  of  pteroylglutamic  acid,  in  which  PABA  has  been 
replaced  by  sulfonamide,  might  act  as  a  replacer  of  the  nutrilite.  Evidence 
supporting  the  possibility  of  this  contention  is  the  observation  that  N-(4- 
( (4-quinazoline)-amino)-benzoyl)glutamic  acid,  a  folic  acid  molecule  in 
which  the  entire  pteridyl  ring  has  been  replaced,  functions  as  a  replacer  for 
folic  acid  (Martin  et  al.,  1947b).  If  a  molecular  modification  of  this 
magnitude  can  result  in  an  active  folic  acid-like  molecule,  the  above  pro¬ 
posal  is  within  the  realm  of  possibility. 

9.  It  is  apparent  that  with  those  organisms  requiring  preformed  folic  acid 
for  growth  there  would  be  no  inhibition  by  sulfonamides  unless  the  sulfon¬ 
amides  in  some  rare  instance  were  to  interfere  competitively  with  the  func¬ 
tion  of  folic  acid.  Instances  of  competitive  antagonism  of  sulfonamide  and 
pteroylglutamic  acid  have  been  reported  (Nimmo-Smith  and  Woods,  1948; 
Lampen  et  al.,  1946).  These  could  be  due  to  degradation  of  pteroylglutamic 
acid  to  PABA  with  subsequent  competitive  antagonism  of  sulfonamide  and 
PABA  or  direct  competitive  antagonism  with  pteroylglutamic  acid  itself. 
Many  pteridine  and  purine  molecules  are  known  which  antagonize  pteroyl¬ 
glutamic  acid  and  it  is  certainly  not  improbable  that  a  sulfonamide  would 
do  so  in  a  strictly  competitive  manner. 

10.  The  role  of  methionine  as  a  secondary  inhibitor  of  sulfonamide  action 
probably  reflects  the  involvement  of  pteroylglutamic  acid  in  transmethyla¬ 
tion  reactions.  This  proposal  is  based  upon  the  demonstration  by  Dinning 
et  al.  (1949)  that  pteroylglutamic  acid  functions  in  the  choline  oxidase- 
enzyme  systems  as  a  constituent  of  a  prosthetic  grouping,  and  on  the  finding 
that  choline  oxidase  activity  is  necessary  for  the  utilization  of  the  methyl 
groups  of  choline  for  transmethylation  processes  (Dubnoff,  1949). 
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Chapter  4 

AMINO  ACID  ANALOGUES,  GENERAL 

1.  Mutual  Antagonisms  Manifested  by  Naturally  Occurring  Amino  Acids. 

2.  The  Antagonisms  Manifested  by  Optical  Antipodes. 

3.  Antipodal  Specificity  of  Proteolytic  Enzymes. 

4.  Miscellaneous  Amino  Acid  Antagonists. 

5.  Recapitulation. 

In  presenting  the  metabolite  analogues  of  amino  acids,  it  is  necessary  to 
group  a  miscellaneous  series  of  observations  under  a  general  heading,  and 
then  present  as  separate  entities,  wherever  justified,  the  material  on  in¬ 
dividual  amino  acids.  To  date,  the  body  of  work  on  methionine,  phenyl¬ 
alanine,  tyrosine,  glutamic  acid,  aspartic  acid,  tryptophan,  arginine,  lysine, 
and  histidine  warrants  treating  each  separately. 

An  attempt  will  be  made  to  review  briefly  the  specific  functions  of  in¬ 
dividual  amino  acids  in  the  corresponding  chapters  on  their  metabolite  an¬ 
alogues,  but  here  the  group  functions  of  amino  acids  are  considered.  It  is 
axiomatic  that  they  form  the  building  blocks  of  proteins.  To  this  considera¬ 
tion,  their  role  in  the  structures  of  physiologically  important  peptides  must 
be  added.  These  units  containing  but  a  few  amino  acid  molecules  must  be 
reviewed  both  as  the  result  of  group  functions  of  amino  acids  and  as  modi¬ 
fied  forms  of  single  amino  acids. 

To  comprehend  the  scope  of  proteins  is  as  difficult  as  to  grasp  the  signifi¬ 
cance  of  the  universe.  In  the  biological  field,  proteins  are  the  universe.  They 
are  vital  to  every  manifestation  of  life  from  the  simplest  virus  to  the  most 
complex  animal,  the  human  being.  A  given  organism  produces  structural 
configurations  in  proteins  which  are  identical  and,  to  the  best  of  our  knowl¬ 
edge,  succeeding  generations  of  any  given  species  for  ages  have  done  the 
same  thing.  It  has  been  estimated  that  there  are  1600  different  proteins  in 
the  body.  For  the  consideration  of  metabolite  analogues,  it  must  be  kept  in 
mind  that  proteins  are  constantly  in  a  dynamic  state  of  amino  acid  transfer 
and  are  not  static  macromolecules.  It  is  with  this  dynamic  system  that  many 
amino  acid  displacers  are  primarily  concerned;  specifically,  those  whic 
as  their  in  vivo  concentration  increases  first  inhibit  protein  formation.  In¬ 
hibition  of  any  general  process  probably  eliminates  such  compounds  from  a 
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Mutual  Antagonisms 

practical  role  as  chemotherapeutic  or  pharmacological  agents,  unless  a  dif¬ 
ferential  requirement  exists  for  specific  tissues  or  parasites. 

Among  the  roles  carried  out  by  proteins  is  that  of  treiger  or  apoenzyme. 
For  the  purposes  of  displacement,  this  function  is  important.  The  obvious 
effect  of  an  amino  acid  metabolite  analogue  would  be  prevention  of  the 
formation  of  protein;  another  would  be  displacement  of  a  naturally  occur¬ 
ring  amino  acid  from  the  formed  enzyme,  preventing  metabolic  alteration  of 
the  nutrilite.  The  coenzyme  must  be  united  with  the  protein  component  at 
some  specific  structural  surface  site,  and  it  seems  not  unlikely  that  this  sur¬ 
face  site  might  be  so  modified  by  an  amino  acid  displacer  as  to  be  unable 
subsequently  to  combine  with  the  cofactor.  Of  course,  metabolite  analogues 
of  the  coenzyme  would  displace  equally  but  by  virtue  of  similarity  to  the 
prosthetic  grouping  rather  than  to  the  amino  acids  comprising  the  fixation 
point. 


Mutual  Antagonisms  Manifested  by  Naturally  Occurring 

Amino  Acids 

Imbalance  of  amino  acid  intake  has  long  been  known  to  produce  toxic 
effects.  Glycine  (Riker  and  Gold,  1942),  cystine  (Curtis  and  Newburgh, 
1924),  lysine  (Sullivan  et  al.,  1932),  tryptophan  (Sullivan  et  ah,  1932), 
tyrosine  (Sullivan  et  ah,  1932;  Martin,  1943),  serine  (Fishman  and  Artom, 
1942)  and  methionine  (Earle  et  ah,  1942)  produce  characteristic  mani¬ 
festations  of  toxicity  when  fed  to  animals  under  the  proper  experimental 
conditions.  While  Sullivan  et  ah  (1932)  had  reported  the  mutual  antagonism 
of  tyrosine  and  cystine  and  of  glycine,  cystine,  and  glutamic  acid,  it  re¬ 
mained  for  Medes  et  ah  (1944)  to  interpret  such  effects  as  due  to  struc¬ 
tural  displacement  mechanisms.  They  had  observed  the  counteraction  of  the 
toxicity  of  serine  in  the  rat  by  cysteine. 

These  mutually  antagonistic  phenomena  were  also  found  to  occur  when 
microorganisms  were  used  as  testing  agents.  Gladstone  (1939)  using 
aciUus  anthracis  observed  the  interrelationships  which  existed  between 
ammo  acids  of  similar  chemical  composition.  Valine,  leucine,  and  isoleucine, 
added  singly  to  a  mixture  of  amino  acids  which  in  itself  supported  growth 

When  th  °£*hVhree  amm0  aC'ds)’  c°mP'etely  prevented  growth 

^lerLed  yThWero  ft  gr°W,h  WaS  aCtUa"y  ‘^Ptoved  and  acl 

versa;  that  of  iso^^S““^  'p^f  bth 

tative  alpeets  definite  and  specific  quanti- 
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Amino  Acid  Analogues,  General 
Table  l 

Mutual  Antagonists  in  the  b-Amino  Acid  Series 


Toxic  Agent 

Antagonist 

Test  System 

Reference 

Valine 

Leucine 

Bacillus  anthracis 

Gladstone,  1939 

44 

Leucine 

Valine 

44 

Isoleucine 

Valine  and  leucine 

44 

44 

Norleucine 

Valine  and  leucine 

44 

44 

Valine 

Threonine 

44 

44 

Threonine 

Valine 

44 

44 

Valine 

a-Aminobutyric  acid 

44 

44 

a-Aminobutyric 

Valine 

44 

44 

acid 

Serine 

Valine  and  leucine 

44 

44 

Serine 

Threonine 

44 

44 

Threonine 

Serine 

44 

44 

/3-Alanine 

Asparagine 

Saccharomyces  cere- 

Nielsen  and  Hartelius, 

visiae 

1938 

u 

Aspartic  acid 

44 

44 

Arginine 

Lysine 

Neurospora  crassa 

Doermann,  1944 

No.  4545 

Allothreonine 

Methionine  also 

Proteus  morganii 

Porter  and  Meyers, 

other  amino  acids 

1945 

Norleucine 

Methionine 

44  44 

44 

Norvaline 

Methionine  also 

44  44 

44 

other  amino  acids 

Glycine 

Alanine 

Streptococcus 

Snell  and  Guirard, 

faecalis 

1943 

Threonine 

(4 

44 

44 

Serine 

44 

44 

44 

/3-Alanine 

44 

44 

44 

Norleucine  or 

Methionine 

Escherichia  coli 

Harris  and  Kohn, 

norvaline 

1941 

Aspartic  acid 

Glutamine, 

Lactobacillus  casei 

Feeney  and  Strong, 

glutamic  acid,  or 
asparagine 

1942 

Asparagine 

/3-Alanine 

Yeast 

Sarett  and  Cheldelin, 
1945 

Leucine 

Isoleucine  and 

Pasteurella  pestis 

Doudoroff,  1943 

valine 

Phenylalanine, 

Isoleucine  and 

Neurospora  crassa 

Bonner,  Tatum  and 
Beadle,  1943 

norleucine,  or 
norvaline 

valine 

Meinke  and  Holland, 
1948 

Threonine 

Serine 

Lactobacillus 

delbrueckii 

L.  casei 

Leuconostoc 

mesenteroides 

Streptococcus 

faecalis 

Mutual  Antagonisms 
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Table  1 — ( Continued ) 


Toxic  Agent 

Antagonist 

Test  System 

Reference 

Leucine,  valine, 
or  methionine 

Isoleucine 

Lactobacillus 

arabinosus 

Brickson  et  al.,  1948 

Isoleucine 

Leucine 

(( 

tt  “ 

Aspartic  acid  or 
asparagine 

Glutamic  acid 

tt 

tt  “ 

Norleucine 

Methionine 

Escherichia  coli 
Lactobacillus 
pentosus 

Harding  and  Shive, 
1948 

it 

tt 

Escherichia  coli 

Lampen  and  Jones, 
1947 

Glutamine 

Glutamic  acid 

Staphylococcus 

aureus 

Grossowicz,  1948 

Tryptophan 

Phenylalanine 

Streptococcus 
faecalis  R 

Beerstecher  and  Shive, 
1947 

Tyrosine 

Phenylalanine 

Escherichia  coli 

Beerstecher  and  Shive, 
1947a 

In  the  interests  of  brevity,  the  results  of  amino  acid  antagonism  studies 
are  presented  in  Table  I.  In  general,  the  interrelationships  are  between 
structurally  similar  compounds,  e.g.,  arginine  and  lysine,  tyrosine  and 
phenylalanine,  valine  and  leucine,  etc.,  but  there  is  one  recorded  instance 
of  an  aromatic  amino  acid,  phenylalanine,  exerting  a  toxic  action  reversed 
by  valine  and  isoleucine  (Bonner  et  al.,  1943).  This  result  with  Neuro- 
spora  is  paralleled  to  some  extent  by  in  vivo  studies,  using  rats,  in  which 


CH3 

CH— CH  (NIT.)  — COOH 

CHa 


Valine 


CH3 

y>CH — CIT. — CH(NIT.) — COOH 

CH3 

Leucine 


CH3 

CH3 — CH. — CH — CH(NHo) — COOH 

Isoleucine 


CH3  CH(OH) — CH(NH2) — COOH 

Threonine 

CHo  ( OH )  —  CH  (NH2)  —COOH 

Serine 

Fig.  1.  Amino  acid  structures. 
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both  glycine  and  cystine  tended  to  reduce  the  toxicity  of  tyrosine  (Martin, 

1947) .  It  is  probable  that  all  mutual  antagonisms  exhibited  by  amino  acids 
will  be  affected  by  vitamin  and  possibly  even  mineral  balance.  The  etiology 
of  many  disease  states  may  be  associated  with  the  imbalance.  Medical 
science  has  lor  too  long  considered  only  the  negative  and  the  positive,  the 
deficiency  disease  as  a  reflection  of  absence  of  a  given  factor  and  bacterial 
and  viral  diseases  as  positive  in  the  sense  of  the  presence  of  a  given 
infectious  agent.  To  this  limited  concept  must  be  added  not  only  the  double 
or  multiple  negative  but  also  the  negative-positive  etiology  of  some  disease 
states.  As  an  example,  tyrosine  is  known  to  produce  a  hypertensive  state 
if  fed  in  excess  to  rats;  riboflavin  deficiency  sensitizes  the  rat  to  this  toxic 
action;  cystine  tends  to  counteract  the  deleterious  effect  of  tyrosine.  It  is 
possible  therefore  that  the  precipitating  mechanism  in  some  types  of  hyper¬ 
tension  may  be  the  simultaneous  existence  of  three  nutritional  abnormalities 
— excessive  tyrosine  intake,  and  riboflavin  and  cystine  deficiencies.  Any 
one  of  these  will  not  produce  the  syndrome  associated  with  all  three. 

The  Antagonisms  Manifested  by  Optical  Antipodes 

The  inhibitory  action  of  optical  antipodes  was  reported  in  1944  by  Fox 
et  al.  The  unnatural  forms  of  valine  and  leucine  retarded  the  growth  of 
Lactobacillus  arabinosus.  Later,  the  same  investigators  (Kobayashi  et  al., 

1948)  found  that  these  isomers  were  also  toxic  to  Escherichia  coli. 
D-Alanine  was  not  inhibitory  for  Lactobacillus  arabinosus  but  was  active 
against  the  growth  of  Escherichia  coli.  The  authors  indicate  the  correlation 
between  the  growth  inhibitory  capacity  of  such  agents  and  the  hydrolyza- 
bility  of  peptides  containing  unnatural  amino  acids,  when  subjected  to  the 
action  of  peptidases.  Optical  specificity  of  proteolytic  enzymes  is  consid¬ 
ered  in  the  next  section. 

Lyman  and  Kuiken  (1948)  discovered  that  the  D-isomer  of  isoleucine 
was  utilized  by  Lactobacillus  arabinosus  in  the  presence  of  pyridoxamine. 
Leucine  tended  to  render  the  optical  antipode  nonavailable  to  the  organism. 

In  animals,  it  may  well  be  that  the  D-forms  are  less  toxic  than  the 
L-isomers;  for  example,  D-methionine  produced  less  growth  retardation  in 
rats  than  the  L-form  at  corresponding  levels  (Van  Pilsum  and  Berg,  1950). 

Tyrocidine  and  gramicidin  are  high  molecular  weight  polypeptides  con¬ 
taining  D-amino  acids.  Whether  or  not  the  antibiotic  activity  of  these  agents 
is  specifically  related  to  the  presence  of  the  unnatural  forms  of  amino  acids 
has  not  been  established.  Lipmann  et  al.  (1941)  have  suggested  that  the 
presence  of  D-amino  acids  in  gramicidin  may  correlate  with  its  antibacterial 
properties.  Work  (1948),  on  the  other  hand,  theorizes  that  antibiotics 
containing  the  unnatural  forms  of  amino  acids  are  active  not  because  they 
contain  these  antipodes  but  rather  due  to  their  individual  structures,  of 
which  the  D-amino  acid  is  an  integral  part. 
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The  fact  that  peptides  containing  D-leucine  fail  to  exhibit  as  much 
activity  as  the  free  amino  acid  (Fox  et  al.,  1948)  indicates  that  the  view¬ 
point  of  Work  (1948)  reflects  the  true  situation  and  that  the  activity  of 
an  antibiotic  such  as  gramicidin  is  not  even  partially  represented  by  con¬ 
tiguous  D-amino  acid  residues. 


Table  11 

Antagonism  by  Optical  Antipodes 


Toxic  Agent 

A  ntagonist 

T est  System 

Reference 

D-Leucine 

L-Leucine 

Lactobacillus  arabinosus — 
Escherichia  coli 

Fox  et  al.,  1944; 
Kobayashi  et  al.,  1948 

D-Isoleucine 

L-Isoleucine 

Lactobacillus  arabinosus 

Lyman  et  al.,  1948 

D-Valine 

L-Valine 

Lactobacillus  arabinosus — 
Escherichia  coli 

Fling  and  Fox,  1945; 
Kobayashi  et  al.,  1948 

D-Alanine 

L-Alanine 

Escherichia  coli 

Kobayashi  et  al.,  1948 

D-Alanine 

L-Alanine 

A  erobic  spores 

Hills,  1948 

D-Histidine 

L-Histidine 

Histidase 

Anson  and  Mirsky, 
1934 

Antipodal  Specificity  of  Proteolytic  Enzymes 

Optical  specificity  is  shown  by  some  proteases  and  peptidases  (Bergmann 
and  Fruton,  1941;  Stahmann  et  al.,  1946).  Peptides  containing  D-amino 
acids  in  certain  positions  are  not  acted  upon  by  these  enzymes.  Only  those 
peptide  linkages  are  split  which  have  as  one  component  either  the  L-form 
of  an  asymmetric  amino  acid  or  glycine.  In  general,  the  peptidases  which 
do  act  on  substrates  containing  the  unnatural  forms  of  amino  acids,  do  so 
at  a  slower  rate.  Carboxypeptidase  is  unable  to  hydrolyze  synthetic  peptides 

al  W1946)the  temiinal  amin°  aCids  are  °f  the  D-configuration  (Stahmann  et 

While  substrate  specificity  is  a  point  of  great  interest  in  the  general  con¬ 
sideration  of  displacement,  it  is  with  inhibition  of  proteolytic  enzymes 

on  inWhitorsT3,  y  COnCemed  EXtenSiVe  invest*2ations  have  been  made 
peptidase  pancreatic  proteases,  a-chymotrypsin  and  carboxy- 

Neurath  and  Schwert  (1950)  have  established  three  structural  require¬ 
ments  of  active  substrates  for  chymotrypsin.  They  are:  an  aromatic  rinn 

fromtheenSc  7™"*  ^  by  °ne  °r  more  methylene  groups 
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Table  111 

Inhibitors  of  Chymotrypsin* 


Structure 

Configu¬ 

ration 

Kt 

10-2M 

1. 

2, 

C8H5CH2CH2COOH 

C8HsCH2CH2NH2 

0.45 

3. 

C8HsCH2CHCOOH 

NHCOCoHs 

D 

1.5 

4. 

C8H5CH2CHCOOH 

nhcoc«h5 

L 

2.9 

5. 

C8H5CH2CHCOOH 

NHCOCoHs 

DL 

2.6 

6. 

C8H.,CH2CHCOCH3 

NHCOCH* 

DL 

0.79 

7. 

p-HOC8H,CH2CHCOCH.i 

NHCOCH^ 

DL 

0.72 

8. 

p-CH3COOC8H1CH2CHCOOH 

1 

NHCOCH3 

L 

2.0 

9. 

C8H.-.C  H  =  CCOOH 

NHCOCH3 

1.8 

10. 

CbHsCHCOOH 

1 

NHCOC8H5 

DL 

0.78 

11. 

CH2COOH 

NHCOC8H5 

4.1 

12. 

CH,SCH2CH2CHCOOH 

NHCOCoHs 

DL 

4.6 

13. 

CH3SCH2CH2CHCOOH  dl 

NHCOCH. 

Related  structures  which  are  not  inhibitors 

Very 

large 

14. 

CoH.CH.CHCOOH 

nh2 

D,L 

15. 

16. 

CoH.-CHoCHCOOH 

COOH 

CH.COOH 

NHCOCH.i 

dl 

*  From  Neurath  and  Schwert,  Chern.  Rev.,  46,  69, 
liams  and  Wilkins  Co.,  Baltimore,  Md. 

1950.  By  permission 

of  The  Wil- 
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ence  of  the  “susceptible  bond”  was  not  essential  for  inhibitory  action.  It 
could  be  absent  or  replaced  by  a  ketone  group.  The  most  active  inhibitors 
were  benzoyl-DL-phenylalanine  and  DL-l-phenyl-2-acetaminobutanone-3. 
The  displacement  effect  was  of  the  competitive  type.  Table  III  taken  from 
Neurath  and  Schwert  (1950)  lists  the  entire  series  studied. 

Kj  is  the  dissociation  constant  of  the  enzyme-inhibitor  complex.  From 
these  values,  conclusions  were  drawn  concerning  the  structural  requirements 
related  to  those  for  substrates.  The  first  of  these  is  the  amino  acid  side  chain 
which  for  substrate  concerns  an  aromatic  ring  and  for  inhibitor  is  of  com¬ 
paratively  minor  importance.  There  is  however  a  certain  correlation  be¬ 
tween  aromatic  and  aliphatic  side  chains  and  affinity  for  substrate  or 
inhibitor  which  led  these  investigators  to  assume  that  the  side  chains  are 
oriented  in  the  same  way  on  the  enzyme  surface. 

The  second  structural  requirement  for  substrate  was  that  of  an  uncharged 
polar  group  with  proton  donation  capacity.  In  the  inhibitor  series,  this 
group  could  be  a  hydrogen  atom,  a  benzamido  group,  or  an  acetamido 
group  but  not  a  carboxyl  or  amino  group  if  an  a-carboxyl  was  already 
present.  From  their  data,  these  investigators  conclude  that  in  general  ben- 
zoylated  aromatic  amino  acids  should  be  potent  inhibitors  of  chymotrypsin, 
but  point  out  that  the  most  potent  inhibitor  known,  /?-phenylpropionic  acid, 
is  not  in  this  group.  Stereospecificity  of  inhibitors  was  observed;  generally, 
the  D-form  was  the  more  powerful.  In  addition  to  the  compounds  studied 
by  Kaufmann  and  Neurath  (1949,  1949a),  the  D-form  of  N-acetyltyrosyl- 
glycinamide  has  been  found  to  inhibit  competitively  chymotrypsin  (Mac- 
Allister  et  al.,  1949). 

The  third  structural  requirement  for  substrate  was  the  hydrolyzable  bond 
and  as  pomted  out  above  this  is  not  a  prerequisite  for  inhibitor  potency. 

With  carboxypeptidase,  the  structural  substrate  requirements  are  similar 
to  those  for  chymotrypsin,  namely,  an  aromatic  amino  acid  of  the  L-series 
containing  a  free  a-carboxyl,  with  its  amino  group  linked  by  a  peptide  bond 
to  a  monoaminomonocarboxylic  acid,  the  amino  group  of  which  is  masked 
by  an  acyl  group  (Neurath  and  Schwert,  1950). 

Inhibitors  of  carboxypeptidase  are  considered  in  four  categories-  m 
reaction  products  of  substrates,  (2)  substrates  nV  I  '  U) 

Of  substrates,  and  (4)  inorganic  ions.  analogues 

and  Schwer^O  950)  •' chloroace^ate^^ vf  Pr°dUCtS  are  given  by  Neurath 
of  the  chloracetyl  derivatk-e,  of  f  ,nhlblts  noncompetitively  the  hydrolysis 

acid  and  also  of  cartobe^l^^  ’  Ph.enylalanine’  0-phenyllactic 

“;:r^ 
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CH_. 

CH— NH— CO— CH, 

I 

c=o 

I 

CH, 

DL-l-Phenyl-2-acetamino- 

butanone-3 


COOH 


Benzoyl-D  L-pheny  lalanine 


N  H — CH, — CO — N  H— CH— COOH 


I 

ch2 


c=o 

I 

o 

I 

CHo 


CH.. 


CH.> 

I 

COOH 

fl-Phenylpropionic  acid  . 

(hvdrocinnamic  acid)  Carbobenzoxyglycylphenylalanine 

Fig.  2.  Inhibitors  of  chymotrypsin  or  carboxypeptidase. 


The  action  of  structural  analogues  of  specific  substrates  as  inhibitors  is 
presented  in  detail  by  Elkins-Kaufman  and  Neurath  (1949).  They  found 
the  following  compounds  inactive:  N-methyl-DL-pheny lalanine,  N,N 
dimethyl-DL-phenylalanine;  DL-a-phenylethylamine,  p-phenylethylamine, 
hippuric  acid,  carbobenzoxyglycine,  and  carbobenzoxyglycylglycine^  T  e 
series  of  active  inhibitors  and  their  corresponding  K4  values  are:  D-pheny  - 
alanine,  2.0;  D-histidine,  20.0;  hydrocinnamic  acid,  0.062;  p-mtropheny  - 
acetic  acid,  2.5;  phenylacetic  acid,  0.39;  and  ^-phenylbutync  acid,  1.13. 
While  D-phenylalanine  was  the  most  powerful,  the  D-forms  of  alanine,  iso¬ 
leucine,  lysine,  and  histidine  were  also  active  (Elkins-Kaufman  and  Neurath, 
1949).  The  inhibitory  activities  of  the  unnatural  forms  of  t  e  ammo >  aci s 
paralleled  roughly  the  ease  of  hydrolysis  of  their  corresponding  pep  i  y 

“Stators  (Elkins-Kaufman  and  Neura.h,  1949)  draw  certain 
conclusions  from  .heir  results  relative  to  the  ^tuc.ura  rcqmremen  s  of 
inhibitors:  the  a-amino  group  of  D-phenylalamnc  ,s  not  reqmred  as  hy 
cinnamic  acid  is  more  powerful;  the  d.stance  of  separat.on  of  the  pheny 
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ring  from  the  carboxyl  group  is  a  determinant  for  potency;  the  phenyl  ring 
cannot  be  replaced;  there  must  be  a  free  carboxyl. 

The  fourth  category  of  carboxypeptidase  inhibitors  is  that  of  inorganic 
ions,  which  remains  clouded  by  conflicting  reports  and  will  not  therefore 
be  discussed. 

A  novel  approach  to  the  study  of  the  specificity  of  carboxypeptidase  is 
that  of  Dunn  and  Dittmer  (1950)  who  prepared  peptides  containing  known 
metabolite  antagonists  of  amino  acids.  The  compounds  prepared  were: 
carbobenzoxyglycyl-/?-2-thienylalanine,  carbobenzoxyglycyl-/)- 1  -naphthyl- 
alanine,  carbobenzoxyglycyl-/)-2-naphthylalanine,  and  carbobenzoxyglycyl- 
p-methylphenylalanine.  As  substrates,  the  naphthyl  analogues  were  re¬ 
sistant  to  the  action  of  carboxypeptidase,  the  thienyl  compound  was 
hydrolyzed  with  about  one-half  the  speed  of  its  benzene  relative,  and  the 
p-methylphenyl  compound  was  the  equivalent  of  carbobenzoxyglycyl- 
phenylalanine.  The  /?-2-naphthylalanine  compound  was  the  only  one  of  the 
group  tested  as  an  inhibitor  of  enzymatic  activity  and  it  was  found  to  be 
weakly  active,  delaying  the  rate  of  hydrolysis  to  a  moderate  degree. 


Miscellaneous  Amino  Acid  Antagonists 

Mcllwain  (1941)  observed  the  inhibitory  action  of  a-aminosulfonic  acids 
on  the  growth  of  Proteus  and  Staphylococcus  in  a  chemically  defined 
medium.  The  action  was  reversed  by  the  addition  of  a-aminocarboxylic 
acids,  which  did  not  need  to  correspond  closely  to  the  structure  of  the  in¬ 
hibiting  aminosulfonic  acid.  The  antagonism  was  specific  only  in  the  sense 
that  it  was  confined  to  the  a-amino  acids. 

When  staphylococci  were  made  independent  of  most  added  amino  acids 
y  ong  training,  the  aminosulfonic  acids  were  no  longer  inhibitory  These 
antimetabolites  were  inhibitory  in  concentrations  ranging  from  10-  to 
10  -  molar  when  Proteus  was  the  test  organism.  A  relative  specificity  was 
shown,  as  illustrated  by  the  greater  capacity  of  valine  to  reverse  a-amino 
.sobutanesulfomc  acid,  compared  to  that  of  glycine  and  alanine.  The  valine 
actton  was  comp  ete;  that  of  the  other  two  amino  acids  was  only  partial 

Ano  her  fcs[a  of  partia[  spedfi  was  ^  y  P^ 

particular  amino  acids  and  though  diff  C°  ®nzymes  are  not  specific  to 
of  peptides  of  diiferen  amino  acid  comnrehCeS  Speed  °f  enzyme 
-  -  -  -  - 
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olites  and  the  natural  amino  acids.  Through  the  extension  of  his  studies  of 
Escherichia  coli,  Proteus  vulgaris,  Bacterium  typhosum,  and  Corynebac- 
terium  diphtheria,  Mcllwain  (1941)  found  that  the  aminocarboxylic  acid 
which  best  reduced  the  inhibition  of  a  given  aminosulfonic  acid  varied  with 
the  organism,  a  fact  which  he  explained  by  assuming  different  synthetic 
abilities  and  needs  of  the  organisms. 

Spizizen  ( 1943)  found  that  the  sulfonic  acid  analogue  of  glycine  (amino- 
methanesulfonic  acid)  inhibited  bacteriophage  multiplication  on  Esch¬ 
erichia  coli  which  was  stimulated  by  a-amino  acids,  particularly  glycine 
and  glycine  anhydride.  Studying  the  effect  of  metabolite  analogues  on  the 
growth  of  vaccinia  virus  in  chick  embryonic  tissues,  Thompson  (1947) 
found  a-aminomethanesulfonic  acid,  a-aminoisobutanesulfonic  acid,  and 
a-aminophenylmethane  sulfonic  acid  inhibitory  in  concentration  of 
1  X  10~3.  Four  sulfonic  acid  analogues — aminomethanesulfonic  acid, 
a-aminoethanesulfonic  acid,  a-aminoisobutanesulfonic  acid,  and  a-amino -f3- 
phenylethanesulfonic  acid — were  used  by  Greenberg  and  Schulman  ( 1947) 
in  an  attempt  to  inhibit  the  growth  of  a  sarcoma  in  mice.  Under  the  condi¬ 
tions  of  the  experiments,  the  final  growth  of  the  tumor  was  not  appreciably 
affected. 

A  new  member  of  the  aminosulfonic  acid  series,  1,1-aminopropanesul- 
fonic  acid,  which  is  the  sulfonic  acid  analogue  of  a-aminobutyric  acid,  was 
prepared  and  tested  by  Mendel  and  Visser  (1950).  The  compound  inhib¬ 
ited  irreversibly  the  growth  of  Lactobacillus  casei. 

Several  molecules  of  the  vinylene  amino  acid  type  have  been  prepared 
and  tested  as  antibacterials.  Allylglycine,  methallylglycine,  and  crotylglycine 
(Dittmer  et  al.,  1948)  inhibited  the  growth  of  Escherichia  coli  and  Saccha- 
romyces  cerevisiae.  Despite  their  structural  similarity  to  cysteine,  no  state¬ 
ment  has  been  made  on  nutrilite  reversal  of  these  toxic  agents.  The  activity 
of  allylglycine  led  Gershon  et  al.  (1949)  to  prepare  the  corresponding 
acetylenic,  propargylglycine,  which  proved  more  active  against  yeast  than 

against  Escherichia  coli.  .  ,  .  , 

d-Methyl-a-ketovaleric  acid  which  is  the  keto  derivative  o  iso  eucine, 

exhibits  a  tendency  to  block  the  conversion  of  the  keto  acid  analogue  o 
valine  to  valine  (Bonner.  1946).  Another  possible  valine  antagonist ,  /h 
chloro-a-aminobutyric  acid,  was  prepared  by  Klooster  et  al. ■  (1948)  and 
found  to  inhibit  the  growth  of  Saccharomyces  cerevisiae,  an  action  reversed 

by  valine  and  leucine.  .  ]n(,„p(! 

An  extensive  study  of  the  effect  of  ^substituted  ammo  acid  a^ues 


was 


tested  on  Leuconostoc  mesenteroides. 


Recapitulation 


115 


Recapitulation 


Numerous  examples  of  the  antagonism  of  one  amino  acid  for  the  utiliza¬ 
tion  of  another  are  given  in  Table  I.  Viewed  in  its  broadest  implications,  the 
metabolite  analogues  probably  form  the  foundation  of  metabolic  stability  as 
designed  by  nature.  Consider  the  synthesis  of  proteins  in  the  animal 
organism.  These  complex  units  are  constant  in  composition,  and  one  factor 
in  that  constancy  may  well  be  mutual  antagonisms  between  naturally  oc¬ 
curring  amino  acids.  The  enzymes  forming  proteins  actually  have  a  constant 
milieu  of  available  amino  acids  presented  to  them;  not  because  the  medium 
itself  is  constant  in  amino  acid  composition  but  because  the  interrelated 
antagonistic  phenomena  “buffer”  the  system.  If  the  imbalance  becomes  too 
great,  toxicity  supervenes.  Nature  by  this  procedure  stabilizes  the  amino 
acid  supply  not  in  an  absolute  quantitative  sense  but  in  a  relative  quantita¬ 
tive  sense. 

This  delicate  balancing  mechanism  may  well  apply  equally  to  the  control 
of  the  metabolism  of  the  individual  amino  acids.  For  example,  competitive 
antagonisms  for  enzyme  site  might  prevent  excessive  formation  of  hista¬ 
mine  if  excess  histidine  were  supplied  to  a  decarboxylase.  A  phenomenon 
such  as  is  seen  in  the  inhibition  of  histidine  decarboxylase  by  dihydroxy- 
phenylalanine  illustrates  the  case. 

Competitive,  and  possibly  noncompetitive,  metabolite  antagonisms  may 
form  the  very  foundation  of  life  by  stabilizing  available  relative  nutrilite 
concentrations.  This  is  the  “relativity  theory”  of  the  biological  world. 


In  view  of  this  concept  it  becomes  important  to  consider  metabolite  antag¬ 
onists  in  two  categories,  namely,  natural  and  synthetic,  restricting  the  term 
synthetic  to  those  antimetabolites  not  found  in  nature  or  even  more  specifi¬ 
cally  to  those  antagonists  not  normally  occurring  in  the  system  under  study. 
The  class  of  natural  antagonists  becomes  of  great  importance  in  physiology; 
the  synthetic  class  in  pharmacology  and  chemotherapy.  This  is  a  general 
rule  but  it  does  not  exclude  practical  applications  of  natural  antagonists. 

An  important  practical  consideration  centering  around  natural  amino 
acid  antagonisms  lies  in  the  complications  this  phenomenon  presents  to 
microbiological  assay  technics.  The  amino  acid  composition  of  the  medium 
must  be  properly  balanced.  Consideration  must  be  given  to  balance  not  only 
o  amino  acids,  but  of  vitamins  and  minerals  as  well;  and  finally  to  the 
proper  concentration  relations  of  these  factors  to  one  another.  The  known 
limitations  of  accuracy  of  microbiological  technics  doubtless  find  explana- 
ions  in  the  relative  available  concentration  of  metabolites  presented  to  the 
est  organism.  Logically,  the  design  of  basic  media  should  provide  proper 
balance  but  ,n  moderately  high  absolute  concentrations.  Such  precaution 
should  mtnumze  the  effect  of  addition  of  extraneous  tnhibitor  m  abol  ,es 
along  with  the  nutrient  to  be  bioassayed.  es 


Amino  Acid  Analogues,  General 

The  importance  of  studies  on  substrates  and  inhibitors  of  proteolytic  or 
proteosynthetic  enzymes  is  emphasized  by  the  recent  highly  significant 
observations  of  Simmonds  and  Fruton  (1950)  in  which  they  found  that  the 
bacteriostatic  action  ol  penicillin  against  at  least  one  specific  microorganism 
was  due  to  inhibition  of  peptide  synthesis.  The  test  bacterium  required 
L-leucylglycine  for  optimal  growth  but  it  did  grow  in  the  presence  of  equi¬ 
molar  concentrations  of  L-leucine  and  glycine.  Penicillin  exerted  a  slight 
inhibitory  action  in  the  presence  of  the  peptide  but  in  the  presence  of  the 
amino  acid  its  effect  was  marked.  Using  individual  amino  acids,  these  in¬ 
vestigators  observed  a  relatively  greater  effect  against  glycine  than  against 
L-leucine.  A  consideration  of  this  report  taken  in  conjunction  with  that 
of  Gale  and  Taylor  (1946,  1947)  demonstrating  that  penicillin  inhibited 
the  utilization  of  glutamic  acid  by  Staphylococcus  aureus,  and  that  of  Sim¬ 
monds  and  Fruton  (1949)  showing  the  bacteriostatic  effect  of  glycyl-L- 
leucine  on  Escherichia  coli  as  a  function  of  leucine  displacement,  leads  to 
the  conviction  that  through  this  approach  new  antibacterial  agents  will  be 
discovered. 
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Chapter  5 

METHIONINE  ANALOGUES 


NH.. 

I 

C  H — S — C  H  2 — CH  2 — C  H  C  O  O  H 


Methionine 

y-Methylmercapto-u-aminobutyric  acid 


1.  Metabolite  Analogues  Produced  by  Modification  of  the  Methylmercapto 
Radical. 

2.  Metabolite  Analogues  Produced  by  Molecular  Modifications  Other  than  as 
in  Section  #1.  Also,  Miscellaneous  Inhibitors. 

3.  Methionine  and  the  Sulfonamides. 

4.  Enzymatic  Aspects. 

5.  Recapitulation. 


Methionine,  an  essential  amino  acid,  plays  a  vital  role  in  transmethyla¬ 
tion  which  as  the  name  suggests  involves  intermolecular  transfer  of  methyl 
croups  It  is  replaceable  in  the  diet  of  the  rat  by  a  combination  of  homo¬ 
cystine  and  either  choline  or  betaine.  Transfer  of  the  labile  methyl  radical 
of  methionine  to  choline  or  creatine  has  been  demonstrated  by  using  deu¬ 
terium  as  a  tag.  It  seems  probable  that  cleavage  of  the  carbon  to  sulfur 
bond  involves  phosphate  bond  transfer  and  adenosinetriphosphate.  Fig.  1 
presents  a  summary  of  the  metabolic  transformations  of  methionine. 

Cystine  reduces  but  will  not  replace  methionine  requirements.  As  a 
result  of  its  transmethylating  power,  methionine  brings  about  the  in  vivo 
synthesis  of  choline  and  therefore  possesses  a  lipotropic  activity  which  is 
reflected  in  capacity  to  stimulate  phospholipid  formation.  It  thus  func  10 
indirectly  in  fatty  acid  transport  and  prevents  the  fatty  livers  which  ot  e  - 

wise  develop  in  animals  on  high  fat  diets.  ,  ,  ,  , 

Both  optical  antipodes  of  methionine  are  effective  in  t  erat  an  Pro 
in  man  It  is  to  be  recalled  that  the  lipotropic  power  of  choline  is  not  based 
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Fig.  1.  Metabolic  transformation  of  methionine 

methyl  may  in  a  sense  be  regarded  as  antagonistic  to  the  methylating  func¬ 
tion  of  methionine.  For  example,  the  transmethylation  processes  required 
for  the  formation  of  trigonelline  and  N-methylnicotinamide  drain  the  supply 
of  essential  methyl.  The  importance  of  methionine  to  creatine  synthesis  in 
vivo  is  greater  viewed  in  the  light  of  the  fact  that  phosphocreatine  is  the 
immediate  energy  source  in  muscular  contraction. 

The  essentiality  of  methionine  is  not  associated  solely  with  its  labile 

hS  to  Cystine  or  nrettiZ! 

IS  essential  to  the  normal  metabolism  of  aromatic  amino  acids  such  ns 
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form!sU,hZraI  f°™  °f  "le,hionine  undergoes  deamination  and  the  keto 
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its  fate  except  that  it  appears  in  th  -  •  U*  b®yond  thls  ,lttle  is  known  of 

turic  acid,  and  tnorglnicZfate  UnnC  “  ^  °f  taurine.  ^rcap- 
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The  metabolism  of  methionine  is  so  closely  related  to  that  of  choline  and 
cystine  that  it  is  difficult  to  separate  the  pathological  manifestations;  how¬ 
ever,  it  appears  that  methionine  deficiency  causes  a  defective  plasma  protein 
and  hemoglobin  production.  If  there  is  a  concomitant  cystine  deficiency 
liver  necrosis  and  hair  changes  occur.  If  a  choline  deficiency  is  superim¬ 
posed  then  fatty  livers  and  hemorrhagic  kidneys  develop.  Absence  of 
methionine  from  the  diet  of  experimental  animals  results  in  loss  of  hair, 
cessation  of  growth,  and  death. 

Lactobacillus  arabinosus  and  L.  casei  require  methionine  and  can  be 
used  in  a  microbiological  assay  for  this  amino  acid.  In  addition  to  these, 
other  bacteria  such  as  Phytobacterium  phosphoreum,  Corynebacterium 
diphtheriae,  and  Clostridium  sporogenes  will  not  grow  unless  methionine 
is  present  in  the  medium  as  an  accessory  growth  factor.  Eberthella  typhosa, 
Streptococcus  viridans,  Diplococcus  pneumoniae,  Shigella  dysenteriae,  and 
Neisseria  gonorrhoeae  probably  require  the  amino  acid  for  optimal  growth. 
Some  microorganisms,  Neurospora  crassa  for  one,  synthesize  p-amino- 
benzoic  acid  from  methionine;  either  compound  will  support  growth. 

Methionine  has  been  used  clinically  in  the  treatment  of  toxemia  and 
hemolytic  disease  of  the  newborn,  in  the  hepatorenal  syndrome  of  post¬ 
delivery  shock,  eclampsia,  toxic  purpura,  chronic  hepatitis,  liver  damage  in 
general,  in  promotion  of  wound  healing,  in  alcoholic  cirrhosis  of  the  liver, 
fatty  livers,  hepatic  cirrhosis,  toxic  hepatitis,  infectious  hepatitis,  and  he¬ 
patic  necrosis.  Final  evaluation  of  these  therapeutic  procedures  awaits  ex¬ 
tension  of  clinical  research  in  the  field. 

As  a  model  for  the  design  of  metabolite  analogues,  the  methionine  struc¬ 
ture  immediately  suggests  modifications  in  the  methylmercapto  radical 
which  is  its  characterizing  unit.  It  would  seem  probable  that  other  structural 
changes  might  well  lead  to  lack  of  specificity.  Sulfonic  acid  analogues  would 
almost  surely  displace  amino  acids  more  or  less  indiscriminately.  Amino- 
nitrogen  substituted  units  such  as  an  N-methyl  would  be  metabolized  in  t  e 
same  manner  as  the  parent  amino  acid. 


Metabolite  Analogues  Produced  by  Modification  of  the 
Methylmercapto  Radical 

In  1941  Harris  and  Kohn  studied  the  action  of  ethionine  as  a  displacer 
of  methionine.  From  their  observations  particularly  as i  reflected I  m  the 
failure  of  p-aminobenzoic  acid  to  reverse  the  act.v.ty  of  eth.omne,  they  con¬ 
cluded  that  p-aminobenzoic  acid  was  related  to  methionme  through  so- 
metabolic  pathway.  These  findings  were  subsequently  confirmed  by  Robl 
et  al  (1945)  who  reported  essentially  similar  antimethiomne  activity  by 
ethtnine  and  methoxinine.  The  growth  of  Escherichia  coh  and  Sjaphyto- 
coccus  aureus  in  synthetic  media  was  prevented  by  et  10ni"f  f  p!amin0_ 
was  reversed  by  L-methionine  but  not  by  the  D-isomer.  P 
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benzoic  acid  nor  choline  alone  counteracted  ethionine  but  the  two  in  com¬ 
bination  brought  about  a  partial  reversal.  In  combination  with  sulfonamides, 
one  fourth  of  the  minimum  effective  concentration  of  ethionine  together 
with  one-fourth  the  minimum  effective  concentration  of  a  sulfonamide  pro- 
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Fig.  2.  Metabolite  analogues  of  methionine. 
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displacement  and  with  the  reversal  thereof  depends  entirely  upon  the  avail¬ 
ability  of  the  isomers  for  the  nutrition  of  the  microorganism  or  animal 
which  is  the  test  system.  If  both  optical  forms  are  nutritionally  equivalent, 
then  both  optical  forms  of  the  metabolite  analogue  will  be  equivalent  as 
displacers.  Stekol  and  Weiss  also  reported  the  failure  of  cystine,  homo¬ 
cystine,  and  cystathionine  in  the  reversal  of  the  growth  inhibition  produced 
by  ethionine.  Choline  was  effective. 

A  logical  explanation  of  the  growth  inhibitor  effect  of  ethionine  was 
presented  by  Simpson  et  al.  (1950)  when  they  offered  as  the  cause  the 
competitive  inhibition  by  the  antimetabolite  of  the  incorporation  of  methio¬ 
nine  into  the  proteins  of  the  intact  rat.  Glycine  as  well  as  methionine  was 
prevented  from  undergoing  enzymatic  processes  associated  with  protein 
synthesis.  The  radioactive  sulfur  contained  in  the  methionine  used  by  these 
investigators  made  it  possible  to  determine  rates  of  incorporation  into  vari¬ 
ous  tissue  proteins.  The  effect  of  ethionine  was  greater  when  the  testing 
system  was  liver  than  when  it  was  kidney.  Shen  and  Lewis  (1946)  had 
observed  the  metabolic  inertness  of  ethionine  but  recorded  the  formation 
of  keto  acid.  Simpson  et  al.  propose  as  an  explanation  of  the  liver-kidney 
difference  that  the  kidney  eliminates  ethionine  more  rapidly  either  by  oxida¬ 
tive  deamination  or  by  excretion  or  both.  These  investigators  also  observed 
inhibition  by  ethionine  of  the  conversion  of  methionine  sulfur  to  cystine 
sulfur.  This  finding  probably  bears  no  relation  to  the  growth  inhibiting 
effect  of  ethionine  as  Stekol  and  Weiss  reported  the  failure  of  any  of  the 
intermediates  in  the  conversion  of  methionine  to  cystine  to  counteract  the 


antimetabolite.  If  in  a  given  experiment,  limitation  of  both  cystine  and 
methionine  were  critical  for  protein  formation  and  growth,  then  it  is  likely 
that  the  growth  inhibitory  effect  of  ethionine  would  be  partially  reversed 

by  cystine. 

Simpson  et  al.  (1950)  speculate  upon  the  potentiality  that  there  is  com¬ 
plete  de  novo  synthesis  of  protein  which  would  cause  any  given  effective 
metabolite  analogue  of  an  amino  acid  to  inhibit  the  uptake  of  all  amino 
acids  indiscriminately.  If  this  follows,  potential  chemotherapeutic  and  phar¬ 
macological  agents  should  be  designed  in  accordance  with  their  possible 
capacity  to  interfere  with  specific  precursors  or  products  of  the  selective 
metabolism  of  amino  acids  rather  than  with  their  incorporation  into  protein 
or  any  phase  of  their  group  metabolism  which  would  be  such  a  genera 
phenomenon  and  render  improbable  specific  action.  w;  , 

By  modification  in  the  experimental  technic  of  Hardwick  and  Winder 
(1948)  for  the  demonstration  of  the  lipotropic  activity  o  e  lonine, 
et  al  (1950)  were  able  to  demonstrate  induction  of  fatty  livers  by  this 
antimethionine.  Methionine  alone  counteracted  the  observed  effect;  choline 
and  other  lipotropic  agents  were  essentially  inactive.  The  fa 
to  reverse  the  tnductfon  of  fatty  livers  by  ethionine  is  interpreted  as  a 
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demonstration  of  a  role  played  by  methionine  in  lipid  metabolism  which 
is  distinct  from  its  capacity  to  serve  as  a  donor  of  labile  methyl  for  the 
synthesis  of  choline.  The  administration  of  carbohydrate,  in  large  doses, 
was  observed  to  prevent  or  cure  the  fatty  livers.  Ethionine  fatty  livers  may, 
therefore,  be  starvation  fatty  livers. 

Farber  et  al.  (1950)  point  out  the  differences  in  molar  ratios  of  metabo¬ 
lite/antimetabolite  preventing  the  effect  of  ethionine  in  the  three  systems 
studied:  fatty  livers,  inhibition  of  incorporation  of  amino  acids  into 
liver  protein,  1/1;  and  conversion  of  methionine-S  to  cystine-S,  %.  Inter¬ 
preted  in  the  reverse  manner,  it  would  indicate  that  increasing  ethionine  in 
the  animal  body  would  first  inhibit  the  conversion  of  methionine  to  cystine, 
then  prevent  protein  formation,  and  finally  as  the  concentration  of  ethionine 
reached  a  point  at  which  it  exceeded  that  of  methionine  by  a  factor  of  four, 
fatty  livers  would  develop.  This  is  an  extremely  important  observation 
viewed  in  its  broader  implications  since  it  suggests  that  any  given  metabolite 
antagonist  may  precipitate  one  possibly  desirable  effect  of  blockage  of 
metabolism  at  a  level  which  would  not  cause  a  second  and  possibly  unde¬ 
sirable  action. 

Direct  determinations  of  the  inhibitory  effect  of  ethionine  on  trans¬ 
methylation  reactions  have  recently  been  reported  by  Simmonds  et  al. 
(1950).  There  was  under  the  experimental  conditions  a  20  per  cent  reduc¬ 
tion  in  the  amount  of  transmethylation  from  methionine  to  choline;  no 
reduction  in  the  amount  of  creatine  synthesized  from  dietary  methionine 
was  noted.  These  experiments  were  carried  out  using  deuterio-DL-methio- 

nme  and  determining  the  deuteriomethyl  content  of  tissue  choline  and 
creatine. 

Ethionine  therefore  interferes  with  (1)  transmethylation,  (2)  incorpora- 

and  mT,aC'  ,S  Pr°teinS’  <3>  C°nVersion  ot  methionine  to  cystine, 
and  (4)  the  hpotroptc  activtty  of  methionine.  Choline  counteracts  the 

growth  inhibiting  effect  of  ethionine  (Stekol  and  Weiss,  1949)  but  not  its 
induction  of  fatty  livers  (Farber  et  al.,  1950) 

It  seems  probable  that  the  effect  of  ethionine  in  a  given  testin*  svstem 
Will  vary  depending  upon  the  limiting  factor  For  cxamnle  the  , 

other  hand,  if  all  are  present  in  r  in  cntlcal  amounts.  On  the 

expect  that  counteraction  of  the  "vu-  amounts,  tllen  n  1S  only  logical  to 

the  metabolites 7*  2^1  wfth  aU  WUlT  b6  ^  of 

even  if  ,00  per  cent  specLi  y  were  ob.l'Vr  f  8'VCn  mfabolite  a"alo8“e 
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would  not  hold  if  the  ultimate  effect  of  the  metabolite  were  in  itself  essential 
to  life,  not  channeled  through  diverse  enzymatic  systems. 

Methoxinine,  the  oxygen  analogue  of  methionine,  was  prepared  and 
tested  by  Roblin  et  al.  (1945).  The  results  obtained  with  this  molecule 
were  similar  to  those  observed  by  these  investigators  with  ethionine,  and 
as  this  material  is  detailed  in  the  discussion  of  ethionine  it  will  not  be  re¬ 
peated  here.  Suffice  it  to  say  that  it  was  an  effective  metabolite  analogue  in 
bacterial  systems  and  that  it  exerts  a  synergistic  effect  when  used  in  com¬ 
binations  with  sulfonamides. 

It  would  seem  probable  that  no  differences  would  be  found  between  the 
actions  of  ethionine  and  methoxinine  because  in  both  instances  the  methyl- 
mercapto  radical  is  modified.  It  is,  however,  conceivable  that  deethylation 
of  ethionine  and  reamination  might  occur  with  resultant  methionine  forma¬ 
tion;  this  is  not  possible  in  the  case  of  methoxinine.  Shaffer  and  Critchfield 
(1948)  established  both  the  supplemental  and  the  direct  lipotropic  activity 
of  this  oxygen  analogue.  They  assumed  that  this  represented  proof  that 
methoxinine  did  not  interfere  with  transmethylation  reactions,  which  in  the 
light  of  the  work  reported  with  ethionine  does  not  seem  a  valid  conclusion. 
Ethionine  is  under  certain  conditions  a  lipotropic  factor  (Hardwick  and 
Winzler,  1948)  and  yet  inhibits  transmethylation  reactions  (Simmonds  et 


al.,  1950). 

These  investigators  (Shaffer  and  Critchfield)  also  suggest  that  the  failure 
of  equimolar  quantities  of  methionine  to  counteract  the  toxicity  of  ethionine 
indicates  that  the  antimetabolite  might  act  in  a  manner  other  than  that  of 


competitive  antagonism  of  methionine.  Here,  again,  this  assumption  is 
invalidated  by  the  observation  that  two  moles  of  methionine  are  needed  to 
counteract  one  mole  of  ethionine  where  the  test  system  is  conversion  of 

methionine  to  cystine  (Farber  et  al.,  1950). 

The  oxidation  products  of  methionine  bear  an  unusual  relationship  to 
the  parent  molecule.  Methionine  sulfoxide,  which  might  reasonably  have 
been  a  displacer  for  methionine,  is  actually  specifically  related  in  this  re¬ 
spect  to  glutamic  acid  (Waelsch  et  al.,  1946).  In  fact,  the  sulfoxide  has  the 
same  action  as  methionine  in  preventing  the  development  of  anemia  in  rats 
given  toxic  chemicals  (Benard  et  al.,  1947,  1948)  The  corresponding 
sulfone  is  reported  to  interfere  with  the  metabolism  of  methionine  as  re 
fleeted  in  the  accentuation  by  this  compound  of  anemia  (Benard  al., 

^Announcement  of  the  inhibition  of  the  toxicity  of  agenized  zein  by  me- 
... ninp  ( Heathcote  1949)  led  to  the  assumption  that  the  methionine 
poX  of“teTn  molecule  was  essential  for  the  production  of  the  toxic 
substance  and^hat  the  toxic  agent  might  well  be  a  metabolite  antagonts 
of  the  amino  acid  Heathcote  (1949)  found  that  the  toxicity  of  methionine 
^rand  methionine  sulfone  toward  Leuconos.oc  .nesen, erodes  was 
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negligible  compared  to  that  seen  with  the  crystalline  principle  from  the 
nitrogen  trichloride  treated  protein.  The  empirical  formula  for  the  toxic 
agent  was  determined  by  two  groups  (Reiner  et  al.,  1950,  Bentley  et  ah, 
1950)  as  being  Cr,H12N203S.  Bentley  et  ah  (1950)  state  that  the  molecule 
of  the  toxic  principle  is  derived  from  methionine  sulfoxide  by  the  addition 
of  =  NH  or  from  methionine  sulfone  by  the  replacement  of  O  by  =  NH. 
They  point  out  that  the  molecule  exhibits  diastereoisomerism  and  that  the 
isomeric  forms  may  differ  in  biological  activity. 


Table  1 

Metabolite  Analogues  of  Methionine 


Ac- 

Compound 

tivity 

T est  System 

Ethionine 

+ 

Escherichia  coli 

44 

+ 

44 

U 

+ 

Rats 

44 

+ 

44 

44 

+ 

Tissues 

44 

+ 

Rats 

44 

+ 

Rats 

44 

+ 

Rats 

Methoxinine.  .  . 

+ 

Escherichia  coli 

44 

+ 

Rats 

Methionine 

sulfone 

+ 

Rats 

Allylglycine . 

+ 

Saccharomyces 

cerevisiae 

44 

+ 

Escherichia  coli 

2-Amino-5- 

heptenoic 

acid 

+ 

Escherichia  coli 

Norleucine 

+ 

Escherichia  coli 

44 

+ 

44 

44 

+ 

Proteus 

Sulfonamides  .  .  . 

+ 

morganii 

Bacteria 

2-Chloro-4- 

aminobenzoic 

+ 

Bacteria 

acid 


Comment 

Reference 

Growth 

Harris  and  Kohn, 

1941 

44 

Roblin  et  ah,  1945 

Toxicity 

Dyer,  1938 

44 

Stekol  &  Weiss,  1949 

Protein  synthesis 

Simpson  et  ah,  1950 

Fatty  livers 

Farber  et  ah,  1950 

Methionine — 

Simpson  et  ah,  1950 

Cystine 

Transmethyl- 

Simmonds  et  ah,  1950 

ation 

Growth 

Harris  and  Kohn, 

1941 

Toxicity 

Shaffer  &  Critchfield, 
1948 

Anemia 

Benard  et  ah,  1948, 
1948a 

Growth 

Dittmer  et  ah,  1948 

Oxygen 

Goodman  et  ah.  1949 

consumption 

Growth 

Goering  et  ah,  1948 

Growth 

Harris  and  Kohn, 

1941 

44 

Lampen  &  Jones, 

1947 

Growth 

Porter  &  Meyers. 

1945 

Nonspecific, 

Harris  and  Kohn, 

1941 

secondary 

Nonspecific, 

Shive  and  Roberts 

secondary 

1946 
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Pharmacological  potentialities  for  methionine  displacers  are  reflected  in 
the  findings  of  Reiner  et  al.  (1950)  showing  the  suppression  of  toxic  factor 
induced  convulsions  or  delay  in  their  onset  by  methionine.  This  action  was 
found  in  both  rabbits  and  mice.  The  convulsions  produced  by  Metrazol 
and  nikethamide  were  not  reversed  by  methionine,  an  observation  which 
in  no  way  reduces  the  possibilities  for  the  use  of  methionine  displacing 
agents  as  analeptics. 


Metabolite  Analogues  Produced  by  Molecular  Modifications  Other 
than  as  in  Section  $1.  Also,  Miscellaneous  Inhibitors 

Unsaturated  amino  acid  analogues  of  methionine  have  been  prepared 
and  found  effective  as  antagonists.  Allylglycine,  methylallylglycine,  and 
crotylglycine  were  inhibitory  to  the  growth  of  Saccharomyces  cerevisiae 
(Dittmer  et  al.,  1948).  Goodman  et  al.  (1949)  subsequently  found  that 
allylglycine  retarded  the  rate  of  oxygen  consumption  by  Escherichia  coli, 
an  action  reversed  completely  by  methionine. 

Another  unsaturated  molecule,  2-amino-5-heptenoic  acid,  which  is  the 
vinylene  analogue  of  methionine,  has  been  reported  to  inhibit  the  growth 
of  Escherichia  coli  (Goering  et  al.,  1948),  the  effect  being  reversed  by 
methionine.  DL-N-Monomethylmethionine  fails  as  an  antagonist,  being  oxi¬ 
datively  deaminated  and  metabolized  as  readily  as  is  methionine  (Shen  and 
Lewis,  1946). 

Selenium  has  attracted  attention  due  primarily  to  its  poisoning  effect  on 
cattle.  Protection  against  the  toxicity  of  selenium  salts  is  afforded  by  pro¬ 
teins  and  specifically  by  methionine  (Lewis  et  al.,  1940),  as  cystine  did  not 
protect.  The  implication  contained  in  such  observations  is  that  selenium 
might  cause  the  formation  of  a  methionine  displacing  agent.  The  case  is 
fortified  by  the  specificity  of  methionine  in  reversing  the  toxicity  of  selenate 
for  yeast.  In  the  studies  of  Fels  and  Cheldelin  (1948),  no  other  compound 
possessed  this  capacity  and,  within  limits,  the  growth  of  yeast  in  the  pres¬ 
ence  of  the  selenate  was  directly  proportional  to  the  methionine  present. 
The  findings  of  Moxon  et  al.  (1940)  which  indicate  that  selenium  may  take 
the  place  of  sulfur  in  the  synthesis  of  mercapturic  acids,  lend  further  sup¬ 
port  to  the  displacer  formation  concept  of  selenium  poisoning. 

Recently,  the  selenium  analogues  of  methionine  and  homocystine  have 
been  synthesized  (Painter,  1947;  Klosterman  and  Painter,  1947). 

Thallium  toxicity  may  also  have  its  basis  in  methionine  metabolism. 
Gross  et  al.  (1948)  demonstrated  that  the  addition  of  2  per  cent  methionine 
was  less  effective  than  1  per  cent  cystine  in  delaying  the  onset  of  the  mani¬ 
festation  of  thallotoxicosis.  They  interpreted  this  experimental  fact  to  indi¬ 
cate  a  blockage  by  thallium  of  the  conversion  of  methionine  to  cystine  or 
of  the  conversion  of  the  unnatural  form  of  methiomne  to  the  natural.  The 
more  probable  explanation  offered  was  that  thallium  combmed  with  homo- 
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cysteine  sulfhydryl  thus  preventing  further  participation  by  this  radical  in 
metabolic  transformations. 

The  possibility  remains  that  displacing  agents  may  play  a  role  in  the 
functioning  of  soybean  growth  inhibitors.  This  would  be  indirect  and 
related  to  retardation  of  the  release  of  methionine  from  protein  caused  by 
the  soybean  trypsin  inhibitor  (Liener  et  al.,  1949). 

Finally,  in  the  class  of  metabolite  analogues  produced  by  molecular 
modification  of  methionine  at  a  point  other  than  the  methylmercapto  radi¬ 
cal,  certain  other  amino  acids  must  be  placed.  Nielsen  (1941)  noted  the 
toxicity  of  methionine  as  tested  on  yeast,  an  action  prevented  by  /Lalanine. 
In  this  same  vein,  Harris  and  Kohn  (1941 )  reported  the  prevention  of  the 
toxicity  of  norleucine  for  Escherichia  coli  by  methionine.  This  action  was 
subsequently  established  to  be  competitive  in  nature  when  Proteus  morganii 
was  the  test  organism  (Porter  and  Meyers,  1945)  and  also  in  an  Escher¬ 
ichia  coli  system  (Lampen  and  Jones,  1947). 

Recently,  Harding  and  Shive  (1948)  have  applied  the  technic  of 
inhibition  analysis  to  the  study  of  the  interrelationships  of  methionine  and 
leucine.  In  this  paper,  they  list  four  types  of  reversing  agents  other  than 
the  metabolite  in  competitive  displacement  inhibitions:  (a)  precursors  of 
the  metabolite,  (b)  product  of  the  enzymatic  action  retarded  by  the  ana¬ 
logue,  (c)  substances  exerting  a  sparing  action  on  the  product  of  the  re¬ 
action,  and  (d)  chemicals  causing  an  increase  in  the  effective  enzyme  con¬ 
centrations.  Norleucine  was  the  only  competitive  antagonist  for  methionine, 
but  threonine  and  homocystine  counteracted  the  inhibition  in  a  manner 
suggesting  that  these  substances  may  be  precursors  of  methionine  (type 
(a)  reversing  agents).  Leucine,  isoleucine,  and  valine  tended  to  reverse  the 
action  of  norleucine  in  a  manner  indicative  of  the  functioning  of  methionine 
in  the  biosynthesis  of  these  amino  acids  (type  (c)  reversing  agents).  In  still 
another  category,  a-ketoglutaric  acid,  glutamic  acid,  panthothenic  acid,  and 
thiamine  occurred  and  seemed  to  function  by  increasing  the  effective 
enzyme  concentration  blocked  by  norleucine  (type  (d)  reversing  agents). 


Methionine  and  the  Sulfonamides 

The  ability  of  methionine  to  counteract  the  action  of  sulfonamides  on 

“ lot",  mnaSTH  St  reP°rtedf ' by  Harris  and  Kohn  0941 )  and  by  Bliss 
hihif  k  t  a  '  T,hlS  dCtl°n  °f  methlonine  is  not  one  of  competitive  in- 

sis  S  urdverf,H  e  7h‘ :i,y  °f  ,hC  SUlf0namideS  -thiontae 

has  clarified  th.  t  ™  ?  aC,ion  of  2-chloro-4-aminobenzoic  acid 

has  clarified  the  mechanism  of  action  of  sulfonamides  on  methionine  svn 

thesis.  Shive  and  Roberts  (1946)  surest  ,h-,t  th.  ir  Ll",unine 
with  thi=>  t  \  >  i  &gest  tnat  the  sulfonamides  interfere 

oro  aminobcnzoic  acid  was  completely  nullified  by 
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methionine,  which  observation  they  interpret  as  indicating  selective  action 
of  the  acid  on  the  enzyme  system  involved  in  methionine  synthesis.  These 
contentions  are  supported  by  the  work  of  Strandskov  (1947)  who  empha¬ 
sized  the  continued  susceptibility  to  sulfonamides  of  bacteria  resistant  to 
the  action  of  2-chloro-4-aminobenzoic  acid.  Sulfonamide  resistant  bacteria 
are  not  susceptible  to  the  action  of  the  acid. 

The  possibility  that  p-aminobenzoic  acid  causes  increased  formation  of 
methionine  by  some  direct  transformation  has  not  been  eliminated  and  the 
partial  counteraction  of  the  action  of  ethionine  by  a  combination  of  choline 
and  p-aminobenzoic  acid  (Roblin  et  al.,  1945)  tends  to  support  this  con¬ 
tention.  The  increased  synthesis  of  p-aminobenzoic  acid  resulting  from 
added  methionine  does  not  seem  to  have  been  eliminated  although  it  cer¬ 
tainly  is  not  the  critical  metabolic  channel  affected  in  the  sulfonamide 
counteraction  by  methionine. 

Two  laboratories  (Winkler  and  deHaan,  1948;  Strehler,  1950)  have 
presented  evidence  indicating  the  methylation  of  homocysteine  as  the  point 
of  action  of  p-aminobenzoic  acid  in  the  synthesis  of  methionine.  The  site 
of  sulfonamide  action  on  this  system  would  be  identical.  Methionine  only 
partially  counteracted  a  sulfonamide,  which  lends  further  support  to  the 
multiplicity  of  action  sites  of  this  drug. 


Enzymatic  Aspects 

In  addition  to  the  points  of  enzymatic  inhibition  mentioned  before,  it  is 
to  be  anticipated  that  methionine  analogues  will  reduce  succinic  dehy¬ 
drogenase  activity  and  completely  eliminate  that  of  liver  xanthine  oxidase. 
This  assertion  is  based  upon  the  observation  that  such  enzymatic  defects 
are  produced  by  a  dietary  methionine  deficiency  (Williams  et  al.,  1949). 


Recapitulation 

Molecular  modifications  of  the  methionine  molecule  involving  the  methyl- 
mercapto  radical  are  effective  antimetabolites.  Ethionine,  typical  of  these 
displacers,  interferes  with  transmethylation,  incorporation  of  amino  acids 
into  proteins,  conversion  of  methionine  to  cystine  and  the  lipotropic  activity 

of  methionine. 

Two  points  of  paramount  importance  in  the  study  of  metabolite  ana- 
losues  of  amino  acids  are  illustrated  by  the  antimethionines.  The  first  of 
these  concerns  the  probability  that  most  metabolite  analogues  of  ammo 
acids  will  at  some  concentration  interfere  with  the  general  metabolism  of 
all  amino  acids  as  reflected  in  protein  synthesis.  Ethionine  prevents  the 
incorporation  of  methionine  into  proteins  and  it  also  exerts  a  similar  action 
on  glycine.  If  this  concept  is  correct,  the  design  of  ammo  acid  analogues 
must  concern  itself  for  practical  application  with  the  second  point,  which 
is  the  differential  efficacy  of  a  given  antimetabolite  against  the  group  reac- 
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tions  of  amino  acids  and  the  specific  attributes  of  a  given  amino  acid. 
Fortunately,  it  is  probable  that  such  differentials  exist.  In  the  case  of  the 
methionine  antimetabolites,  an  increasing  concentration  of  ethionine  will 
first  inhibit  the  conversion  of  methionine  to  cystine  and  then  prevent  protein 
formation.  This  represents  an  instance  in  which  a  given  amino  acid  dis¬ 
placer  interferes  primarily  with  a  specific  reaction  (conversion  of  methio¬ 
nine  to  cystine)  of  an  amino  acid  and  only  with  increased  concentrations 
interferes  with  group  reactions  of  amino  acids  (protein  synthesis).  It  seems 
probable  that  at  least  all  of  the  essential  amino  acids  will  exhibit  multiple 
specific  and  individual  functions  not  concerned  with  group  phenomena  of 
amino  acids. 

The  synergism  manifested  between  sulfonamides  and  ethionine  or  me- 
thoxmine  indicates  the  efficacy  of  the  use  of  a  displacing  agent  primarily 
designed  to  inhibit  the  specific  metabolite  with  a  metabolite  analogue  de¬ 
signed  to  displace  the  secondary  inhibitors  of  the  primary  displacer. 
p-Aminobenzoic  acid  is  involved  in  mechanisms  resulting  in  the  formation 
of  methionine.  A  sulfonamide  has  as  its  prime  target  p-aminobenzoic  acid; 
methionine  which  is  the  product  of  an  inhibited  enzyme  reaction  functions 
as  a  secondary  inhibitor  of  the  action  of  the  sulfonamide.  The  use  of  ethio¬ 
nine  to  eliminate  the  counteraction  of  the  methionine  for  the  sulfonamide 
greatly  enhances  the  activity  of  the  primary  inhibitor,  the  sulfonamide.  It 
is  proposed  that  maximum  chemotherapeutic  efficacy  will  result  from  the 
proper  combination  of  displacing  agents  to  inhibit  not  only  the  primary  but 
also  the  secondary  metabolites  involved  in  any  given  enzymatic  concatena¬ 
tion.  There  would  seem  to  be  no  practical  limit  to  the  number  of  agents 
giving  increased  effect.  When  the  possible  permutations  and  combinations 

of  such  inhibitors  are  considered,  it  will  be  clearly  seen  how  limited  has  been 
such  study  to  date. 


h  is  probable  that  the  primary  directly  competitive  inhibition  which  is 
modified  by  the  secondary  noncompetitive  reversing  agent  will  be  aug¬ 
mented  by  the  inclusion  of  a  competitive  inhibitor  for  the  secondary  rev*™. 
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4.  Metabolite  Analogues  of  Anthranilic  Acid. 

5.  Enzymatic  Aspects. 

6.  Chemotherapy  and  Pharmacology,  Including  All  Animal  Studies. 

7.  Recapitulation. 


Tryptophan,  which  makes  up  from  0.5  to  2.5  per  cent  of  animal  protein, 
is  one  of  the  essential  amino  acids,  occurring  in  nature  as  the  L-form;  it  is 
not  found  free.  Absence  of  this  amino  acid  from  certain  vegetable  proteins 
made  it  possible  to  produce  deficiency  states  in  animals  and  "the  observation 
followed  that  a  tryptophan  free  diet  caused  negative  nitrogen  hnlan^ 
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man  and  cats  do  not.  The  normal  metabolism  of  tryptophan  is  controlled 
by  pyridoxine  as  evidenced  by  the  fact  that  a  deficiency  of  this  factor  results 
in  the  excretion  of  xanthurenic  acid  as  a  metabolite  of  tryptophan.  Further¬ 
more,  pyridoxine  controls  the  conversion  of  this  amino  acid  to  niacin  at 
least  in  rats  and  mice;  50  mg.  of  L-tryptophan  is  the  equivalent  of  1.0  to  1.5 
mg.  of  niacin.  The  minimum  requirement  of  man  for  L-tryptophan  has  been 
established  by  Rose  at  150  mg.  daily.  As  the  chief  source  of  the  indole 
nucleus,  tryptophan  probably  supplies  the  pyrrole  nuclei  for  the  synthesis 
of  cellular  porphyrins,  including  the  cytochromes  and  hematin. 


U 


•N, 

OH 


HO 

| 

COOH 

N 

1 

fl 

1  CH — CH — NH> 

| 

OH 

-COOH 


Kynurenic  acid 


Tryplamine  Xanthurenic  acid 

4,8-Dihydroxyquinoline-2-car- 
boxylic  acid 

Fig.  1. 


Tryptophan  is  essential  for  optimal  growth  of  many  bacteria,  including 
Lactobacillus  arabinosus,  L.  casei,  and  Clostridium  tetani.  Arabinosus  can 
use  the  d-  and  L-forms,  but  casei  requires  the  L-form.  Anthranilic  acid  or 
indole  can  replace  tryptophan  in  growth  media  for  Lactobacillus  arabinosus 
and  L.  casei ,  but  not  for  Lactobacillus  pantosus  or  Streptococcus  lactis. 
Serine  seems  to  accelerate  the  production  of  tryptophan  from  indole  by 
Neurospora.  Other  indole  products  such  as  skatole,  indoleacetic  acid,  in- 
dolelactic  acid,  indolepyruvic  acid,  indoleacrylic  acid,  indoleglycine,  in- 
dolepropionic  acid,  tryptamine,  kynurenic  acid,  and  kynuremne  do  not 
stimulate  growth.  The  tryptophan  metabolic  sequence  in  bacteria  parallels 
roughly  that  seen  in  animals;  viz.,  it  is  transformed  to  kynuremne  and 
subsequently  to  kynurenic  acid  and  anthranilic  acid.  Many  bacteria,  or 
example  Escherichia  coli,  contain  an  enzyme,  tryptophanase,  which  cata¬ 
lyzes  the  breakdown  of  the  amino  acid  to  indole,  pyruvic  acid,  and  am¬ 
monia,  and  which  is  activated  by  pyridoxal  phosphate. 

As  a  model  for  the  design  of  metabolite  analogues,  tryptophan  clearly 
offers  potentialities  via  modification  in  the  rings,  either  the  benzene  or  the 
pyrrole,  substitution  on  the  rings,  or  modificat.on  in  the  alanine  side  chain. 

Metabolite  Analogues  Produced  by  Ring  Substitution 

In  1945,  Anderson  produced  the  first  metabolite  analogue  of  tryptophan 
characterized  by  the  addition  of  a  ring  substituent.  He  found  that  d,l-. 
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methyltryptophan  inhibited  the  growth  of  Escherichia  coli and  he  observed 
the  reversal  of  this  action  by  tryptophan.  It  was  proposed  by  Anderson  tha 
these  results  explained  the  observations  of  Gordon  and  Jackson  (19  ) 

who  found  this  analogue  and  2-mcthyltryptophan  toxic  to  animals  on  diets 
containing  traces  of  tryptophan.  An  interesting  finding  presented  in  the 
Anderson  paper  is  that  D,L-5-methyltryptophan  has  the  same  activity  as 
tryptophan  as  a  cofactor  for  the  adsorption  of  viruses  onto  the  host  cells. 
Extending  his  initial  observations,  Anderson  (1945a)  reported  that  D,L- 
phenylalanine,  D.L-tyrosine,  d.l-diiodotyrosine,  and  2-methyltryptophane 
(D,L-Py-2-methyltryptophan)  were  active  as  cofactors.  From  the  inactivity 
of  some  47  other  compounds  tested,  he  concluded  that  a  tryptophan  an¬ 
alogue  must  have  an  intact  a-amino  group  (indole-3-propionic  acid  and 
amino-N-methyltryptophan  being  inactive),  must  have  a  free  carboxyl  group 
(tryptamine  and  3-(3-indolyl)-2-propanol  were  inactive),  and  must  have 
an  1-configuration  (d-tryptophan  was  inactive).  His  conclusion  states 
“the  process  of  adsorption  involves  something  more  than  the  simple  fitting 
of  structural  parts  of  virus  and  host;  a  chemical  reaction  involving  the  co¬ 
factor  may  well  have  to  follow  the  chance  encounters  between  virus  and 
host  for  the  virus  to  be  adsorbed  and  initiate  its  activity  on  the  host." 

The  virus  work  of  Anderson  is  discussed  at  this  point  to  emphasize  the 
correlation  of  displacement  with  chemotherapy  in  virus  disease  states. 

Fildes  and  Rydon  (1947)  report  inhibition  of  growth  of  Bacterium 


Table  l 


Metabolite  Analogues  of  Tryptophan  Produced  by 
Ring  Substitution 


Compound 

Ac¬ 

tivity 

Microorganism 

Specific 

A  ction 

Reference 

D,L-5-Methyl- 

+ 

Escherichia  coli 

Growth 

Anderson,  1945 

tryptophan 

— 

Escherichia  coli 

Growth 

Fildes  &  Rydon,  1947 

— 

Escherichia  coli 

Growth 

Ellinger  &  Rader,  1949 

<( 

+ 

Escherichia  coli 

Conversion — 
ornithine  to 
nicotinamide 

tt 

2-Methyl- 

tryptophan 

+ 

Escherichia  coli 

Ornithine-* 

nicotinamide 

Ellinger  &  Rader,  1949 

4-Methyl- 

tryptophan 

+ 

Escherichia  coli 

Ornithine-* 

nicotinamide 

Ellinger  &  Rader,  1949 

7-Methyl- 

tryptophan 

+ 

Escherichia  coli 

Ornithine-* 

nicotinamide 

Ellinger  &  Rader,  1949 

+ 

Lactobacillus 

arabinosus 

Growth 

“  it 

D,L-6-Methyl- 

tryptophan 

Not  re¬ 
ported 

Snyder  &  Pilgrim,  1948 

5-Fluoro-DL- 

tryptophan 

Not  re¬ 
ported 

Rinderknecht  & 
Niemann,  1950 
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typhosum  by  various  mcthyltryptophans  with  methyl  groups  in  the  indole 
nucleus.  Tryptophan  is  an  essential  nutrient  for  this  microorganism.  In 
contrast  to  the  observations  of  Anderson  (1945),  they  report  that  Escheri¬ 
chia  coli,  which  does  not  need  tryptophan  for  growth,  was  not  inhibited  by 
methyltryptophans.  The  conclusion  was  reached  that  methyltryptophans 
prevent  the  use  of  tryptophan  in  protein  synthesis.  The  degree  of  potency 
of  any  given  molecule  depended  on  the  position  of  the  substitution. 

The  effect  of  2-,  4-,  5-,  and  7-methyltryptophans  and  of  abrine  on  growth 
and  nicotinamide  formation  by  pure  cultures  of  Escherichia  coli  and  mixed 
cultures  and  on  the  acid  production  by  Lactobacillus  arabinosus  was  studied 
by  Ellinger  and  Kader  (1949).  In  confirmation  of  the  work  of  Fildes  and 
Rydon,  they  found  that  the  growth  of  Escherichia  coli  or  of  mixed  cultures 
was  not  markedly  affected  by  any  one  of  the  methylated  tryptophans.  By 
contrast,  the  growth  of  Lactobacillus  arabinosus  was  considerably  inhibited 
by  the  7-methyl  compound.  In  spite  of  their  failure  to  inhibit  growth,  all 
methylated  compounds  inhibited  nicotinamide  synthesis  by  Escherichia  coli. 
Abrine  did  not  inhibit. 

6-Methyltryptophan  (Snyder  and  Pilgrim,  1948)  and  5-fluoro-DL-tryp- 
tophan  (Rinderknecht  and  Niemann,  1950)  have  been  synthesized  but 
as  yet  no  report  has  been  made  on  their  biological  activity. 

Metabolite  Analogues  Produced  by  Ring  Modification 

The  creation  of  analogues  in  this  category  might  involve  modification 
in  the  benzene  or  in  the  pyrrole  rings.  The  first  attempt  to  modify  the  indole 
nucleus  involved  replacing  the  — NH —  radical  in  the  pyrrole  ring  by  a 
vinylene  group.  Dittmer  et  al.  (1948)  prepared  /?-l-  and  /?-2-naphthylal- 
anines  which  had  been  synthesized  by  Kikkoji  (1911)  and  found  that 
neither  compound  inhibited  growth  of  Escherichia  coli ,  Saccharotnyces 
cerevisiae ,  Neurospora  crassa,  Lactobacillus  casei,  or  L.  arabinosus. 

In  1948,  Avakian  et  al.,  prepared  and  tested  /)-(2-benzothienyl)-a- 
aminopropionic  acid,  also  designated  as  ^-3-thianaphthenylalanine.  The 
compound  was  effective  as  a  tryptophan  displacer  when  Lactobacillus 
arabinosus  was  the  test  organism.  The  inhibitor-metabolite  ratio  for  the 
compound  was  250;  the  corresponding  figure  for  5-methyltryptophan  was 
2500.  Working  independently,  Elliott  and  Harington  (1949)  prepared  the 
same  analogue  and  found  that  it  was  active  when  Streptococcus  hemolyticus 
was  the  test  organism  but  was  not  inhibitory  to  Staphylococcus  aureus,  or 
Escherichia  coli. 

A  third  molecular  species  representing  a  potential  metabolite  analogue 
of  tryptophan  was  prepared  by  Erlenmeyer  and  Grubenmann  (1947).  The 
molecule  was  /3-(coumaronyl-(3)  )-alanine  which  .s  the  oxygen  analogue  o 
tryptophan.  It  may  be  assumed  that  the  molecule  was  not  active  as  no  report 

has  been  made. 
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Table  11 

Metabolite  Analogues  of  Tryptophan  Produced  by  Ring 

Modification 


Compound 

Ac¬ 

tivity 

Microorganism 

Specific 

A  ction 

Reference 

/3-1-Naphthyl- 

_ 

Escherichia  coli 

Growth 

Dittmer  et  al.,  1948 

alanine 

/3-2-Naphthyl- 

Saccharomyces 

cerevisiae 

Neurospora 

Lactobacillus 

casei 

Lactobacillus 

arabinosus 

it 

Growth 

Dittmer  et  al.,  1948 

alanine 

/3-3-Thianaph- 

+ 

it 

it 

it 

Lactobacillus 

Growth 

Avakian  et  al.,  1948 

thenylalanine 

/3-(Coumaronyl- 
(3) )-  alanine 

+ 

Not  re¬ 
ported 

arabinosus 
Streptococcus 
hemolyticus 
Escherichia  coli 

Growth 

Growth 

Elliott  &  Harington, 

1949 

it  ti 

Erlenmeyer  and 
Grubenmann,  1947 

Metabolite  Analogues  Produced  by  Alanine  Side  Chain  Modification; 

Metabolite  Analogues  of  Indole,  Miscellaneous 

To  Fildes  (1941 )  goes  the  credit  for  making  the  first  tryptophan  metab¬ 
olite  analogues.  He  found  that  traces  of  tryptophan  prevented  the  inhibitory 
action  of  indoleacrylic  acid  on  bacteria  and  postulated  from  this  that  the 
activity  was  due  to  the  inhibition  of  the  synthesis  of  tryptophan.  There  was 
no  quantitative  relationship  between  indoleacrylic  acid  and  indole,  which 
is  a  known  precursor  of  this  essential  amino  acid.  Fildes  suggested  that 
some  other  stage  of  metabolism  of  indole  to  tryptophan,  represented  by  a 
compound  X,  was  the  point  of  inhibition.  He  had  previously  pointed  out 
that  indoleacrylic  acid  actually  stimulated  the  production  of  indole  from 
tryptophan  by  the  enzyme  contained  in  Escherichia  coli  (Fildes,  1938). 
These  combined  observations  indicate  that  in  indoleacrylic  acid  we  have  a 
molecule  which  prevents  the  formation  of  a  given  metabolite  and  stimulates 
its  destruction.  It  seems  not  impossible  that  the  action  of  a  given  compound 
in  a  system  of  the  type  under  consideration  might  be  to  stimulate  destruction 
o  a  given  essential  metabolite  to  such  an  extent  as  would  seriously  interfere 
with  the  growth  potential  of  bacteria. 

In  1942,  Bloch  and  Erlenmeyer  tested  /8-(  naphthyl- (1 ) )acrylic  acid 
s  yry  acetic  acid,  cinnamic,  dihydrocinnamic,  benzoic,  and  fumaric  acids 
.n  he  same  systems  used  by  Fildes  ( 1941 Styrylacetic  and  naphthylacryhc 
acds  were  stmtlar  to  indoleacrylic  acid.  Cinnamic  acid  had  a  weakTy  in- 
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hibitory  effect  while  benzoic,  fumaric,  and  dihydrocinnamic  acids  had  no 
action  whatever.  The  agents  were  tested  against  Escherichia  coli  in  a  simple 
synthetic  medium  containing  no  organic  nitrogen  other  than  tryptophan. 

The  action  of  indoleacrylic  acid  is  apparently  not  specific,  as  Marnay 
(1949)  has  demonstrated  the  capacity  of  phenylalanine  to  counteract  the 
analogue.  Using  a  strain  of  Escherichia  coli ,  she  found  that  the  growth  in¬ 
hibiting  effects  of  10_4M.  of  the  antimetabolite  were  overcome  by  5  x 
10“4M.  of  tryptophan,  1.5  X  10~4M.  of  nicotinic  acid  and  6  X  10~4M.  of 
L-phenylalanine.  Another  recent  study  of  the  action  of  indoleacrylic  acid  is 
that  of  Furst  and  Harper  (1949)  who  found  that  this  compound  did  inhibit 
the  growth  of  Lactobacillus  arabinosus  or  Leuconostoc  mesenteroides  and 
that  reversal  occurred  with  added  tryptophan.  Using  a  lactobacillus  which 
did  not  require  an  exogenous  source  of  the  nutrilite  and  which  presumably 
synthesizes  it,  actual  stimulation  was  noted.  The  authors  suggest  that  indole- 


Table  111 

Metabolite  Analogues  Produced  by  Alanine  Side  Chain  Modification 
Indole  Metabolite  Analogues,  Miscellaneous 


Compound 

Ac¬ 

tivity 

Microorganism 

or 

Specific 

A  ction 

Reference 

Abrine, 

N-methyl- 

tryptophan 

— 

Escherichia  coli 

Ornithine-* 

nicotinamide 

Ellinger  &  Kader,  1949 

p-(  Indole-(3) ) 

+ 

Escherichia  coli 

Growth 

Fildes,  1941 

acrylic  acid 

+ 

Escherichia  coli 

Growth 

Bloch  and  Erlenmeyer, 
1942 

/MNaphthyl-(l)) 
acrylic  acid 

+ 

Escherichia  coli 

Growth 

tt 

Styrylacetic 

acid 

+ 

Escherichia  coli 

Growth 

Cinnamic  acid 

+ 

Escherichia  coli 

Growth 

tt 

Benzoic  acid 

— 

Escherichia  coli 

Growth 

tt 

Fumaric  acid 

— 

Escherichia  coli 

Growth 

Dihydrocin¬ 
namic  acid 

/M2-Quinolyl)- 
acrylic  acid 

+ 

Escherichia  coli 

Lactobacillus 

Growth 

Growth 

Furst  &  Harper,  1949 

tt  44 

p-(4-Quinolyl)- 
acrylic  acid 

+ 

tt 

«  “ 

p-(3-Quinolyl)- 
acrylic  acid 

- ’ 

U 

«>  ** 

/i-(6-Quinolyl)- 
acrylic  acid 

DL-Homotryp- 

tophan 

3-Acetyl- 

pyridine 

Not  re¬ 
ported 

+ 

Mouse 

Growth 

Snyder  &  Pilgrim, 

1948a 

Woolley,  1946 
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acrylic  acid  supplied  a  preformed  indole  nucleus  for  tryptophan  manu¬ 
facture.  Four  quinoline  acrylic  acids  were  included  in  this  study  and  only 
two — /M2-quinolyl)  acrylic  and  /^-(4-quinolyl)  acrylic  acids — were  ef¬ 
fective  competitive  inhibitors  of  tryptophan. 

Fildes  and  Rydon  (1947)  studied  not  only  methylated  tryptophans  but 
also  the  corresponding  indoles.  In  general,  these  indoles  obstructed  the 
synthesis  of  tryptophan  from  indole,  just  as  the  methylated  tryptophans 
inhibited  the  use  of  tryptophan  in  protein  synthesis. 

An  announcement  was  made  of  the  synthesis  of  DL-homotryptophan 
(Snyder  and  Pilgrim,  1948a)  but  to  date  no  report  has  followed  concerning 
its  biological  activity,  which  may  well  mean  that  it  proved  ineffective. 

3-Acetylpyridine  must  be  placed  (Woolley,  1946)  in  the  category  of 
miscellaneous  antimetabolites  for  tryptophan.  The  amino  acid  nullified  the 
toxicity  of  the  antimetabolite,  completely  preventing  the  development  of 
pellagra-like  symptoms.  Tryptophan  was  as  active  as  nicotinic  acid  in 
counteracting  3-acetylpyridine — 0.1  per  cent  of  the  amino  acid  protected 
animals  against  4  mg.  of  the  analogue. 

Metabolite  Analogues  of  Anthranilic  Acid 

Anthranilic  acid  is  involved  in  the  biosynthesis  of  tryptophan  by  micro¬ 
organisms  and  therefore  is  a  logical  target  for  the  design  of  displacers.  Rydon 
(1948)  studied  a  series  of  such  agents  and  reported  that  4-  and  5-methyl- 
anthranilic  acids  were  potent  growth  inhibitors  of  Bacterium  typhosum, 
which  synthesizes  anthranilic  acid,  and  does  not  produce  it  by  degradation 
from  indole  or  tryptophan.  The  inhibition  produced  by  these  chemicals  was 
reversed  equally  well  by  anthranilic  acid,  indole,  and  tryptophan,  but  not 
by  p-aminobenzoic  acid.  The  author  concluded  that  the  methylated  an- 
thramhc  acids  act  by  inhibiting  the  conversion  of  anthranilic  acid  to  indole. 


Table  IV 


Metabolite  Analogues  of  Anthranilic  Acid 


Compound 


4- Methylan- 
thranilic  acid 

5- Methylan- 
thranilic  acid 


Ac- 

t  i  rity  M  icroorganism 

+  Bacterium 

typhosum 

+  Bacterium 

typhosum 


Specific 
A  ction 


Anthranilic-* 

indole 

Anthranilic-* 

indole 


Reference 

Rydon,  1948 

Rydon, 1948 


Enzymatic  Aspects 

Two  major  phases  of  tryptophan  metabolism  have  been  studied  from 

The  first  of  These  raTcmnsThf  ba.ntlm^aboli,es  on  the  enzymes  involved. 

tryptophan  metabolism.  Here  in  brTf  The  °f  enzymol°gy  °f 

■  ln  bnet>  the  enzymatic  conversion  of  an- 
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thranilic  acid  to  indole  is  inhibited  by  the  methylated  anthranilic  acids,  the 
conversion  of  indole  to  tryptophan  is  prevented  by  the  methylated  indoles 
and  by  indoleacrylic  acid,  and  the  final  phase  which  is  that  of  enzymatic 
incorporation  of  tryptophan  into  protein  is  blocked  by  the  methylated 
tryptophans.  Details  have  been  given  in  the  preceding  discussion  and  will 
not  be  repeated  here. 

The  second  phase  concerns  the  enzymatic  breakdown  of  the  amino  acid 
by  the  enzyme,  tryptophanase.  It  will  be  recalled  that  this  enzyme  catalyzes 
the  conversion  of  tryptophan  to  indole,  pyruvic  acid,  and  ammonia.  The 
first  study  of  inhibition  of  this  system  was  that  of  Tatum  and  Bonner 
(1944)  who  observed  the  effectiveness  of  serine  in  preventing  the  forma¬ 
tion  of  indole.  The  inhibition  was  directly  proportional  to  the  serine  con¬ 
centration  and  a  mass  action  effect  was  suggested.  Dawes  et  al.  (1947) 
studied  the  problem  of  inhibitors  of  tryptophanase  and  found  both  serine 
and  alanine  effective.  The  action  was  not  a  simple  relation  between  the 
tryptophan  and  serine  concentrations,  and  only  occurred  when  the  enzyme 
was  saturated  with  tryptophan.  The  suggestion  of  Tatum  and  Bonner 
(1944)  concerning  mass  action  effect  applied  only  when  tryptophanase  was 
fully  saturated  with  tryptophan. 
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The  proposal  that  conversion  of  tryptophan  into  nicotinic  acid  in  the  rat 
is  inhibited  by  indole-3-acetic  acid  (Kodicek  et  al.,  1946)  has  been  proved 
incorrect  by  numerous  investigators  (Krehl  et  al.,  1947;  Rosen  and  Perl- 
zweig,  1947;  and  Sarett  and  Goldsmith,  1947). 

Analogues  of  tryptophan  which  function  by  inhibiting  its  formation  are 
of  particular  importance  in  the  light  of  the  observations  of  Sevag  and  Green 
(1944a)  who  noted  that  pantothenic  acid  not  only  mediates  the  metabolism 
of  glucose  leading  to  or  involved  in  the  formation  of  tryptophan  essential 
for  the  growth  of  the  exacting  strains  of  Staphylococcus  aureus,  but  also 
functions  in  the  system  which  in  the  presence  of  glucose  oxidizes  tryptop  an 
to  one  or  more  arylamines.  If  this  is  accurate  then  logically  the  best 
chemotherapeutic  agent  against  Staphylococcus  aureus  would  be  one 
designed  to  displace  tryptophan  and  prevent  its  synthesis.  Even  a  combina- 
tio/of  a  sulfonamide  with  an  agent  such  as  5-methyltryptophan  shou 
nrove  a  superior  therapeutic  composition. 

‘i  s=f c ~ 
Sstiwsa: tvs: 

of  virus  to  host?  It  would  seem  that  this  linkage  point  offers  the  dir!c‘m°. 

reported  mmm^  to  utilizMh^s^pproach^todtite^s  ^h^tof  DelbrUck  (1948) 
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5-Methyltryptophan 

(Bz-3-methyltryptophan) 


CH,. — CH(NH,>) — COOH 
J-CH3 
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| - 

CH — CH— COOH 

N— H 
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H 
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Styrylacetic  acid 
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I 
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Fig.  2.  Metabolite  analogues  of  tryptophan. 
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who  found  that  indole  inhibits  the  adsorption  cofactor  activity  of  trypto¬ 
phan  and  phenylalanine  in  the  systems  of  Anderson  in  a  manner  which 
suggcsts  competitive  inhibition.  He  points  out  that  this  represents  an  in¬ 
stance  in  which  bacteria  produce  indole  from  tryptophan  reversing  the 
mechanism  in  self-protection  by  converting  an  activator  of  an  invasive 
pathogen  into  an  inhibitor.  Phage  resistant  bacteria  show  a  loss  of  ability 
to  synthesize  tryptophan. 


Recapitulation 

The  metabolite  analogues  of  the  B-complex  series  have  been  shown  to 
act  in  general  at  three  major  points  of  the  metabolism  of  the  vitamin; 
namely,  at  the  synthesis  of  the  factor,  at  the  incorporation  of  the  nutrilite 
into  a  cofactor,  and  finally  at  the  functioning  of  the  enzyme.  With  the  amino 
acids,  there  is  the  same  general  picture.  The  antimetabolite  prevents  the 
biosynthesis  of  the  amino  acid,  or  it  interferes  with  the  incorporation  of  the 
amino  acid  into  a  protein,  or  finally  it  may  interfere  with  the  action  or 
activity  of  a  protein.  This  latter  action  has  not  yet  been  clearly  demonstrated 
but  that  such  proof  will  be  forthcoming  may  be  anticipated. 

Specifically,  tryptophan  metabolite  inhibitors  are  known  for  every  stage 
in  its  biosynthesis  and  for  its  incorporation  into  protein.  Methylated 
anthranilic  acids  inhibit  the  conversion  of  anthranilic  acid  to  indole;  methyl¬ 
ated  indoles  prevent  the  formation  of  tryptophan  from  indole;  and  the 
methylated  tryptophans  block  the  incorporation  of  the  amino  acid  into  the 
complex  protein  molecule. 

The  same  metabolite  analogue  which  blocks  tryptophan  synthesis  by 
Escherichia  coli  stimulates  the  destruction  of  this  amino  acid  by  trypto- 
phanase.  Indoleacrylic  acid  is  therefore  an  example  of  an  antimetabolite 
which  prevents  the  formation  of  a  given  factor  and  yet  facilitates  its  destruc¬ 
tion.  This  same  bacterium,  Escherichia  coli,  is  able  as  a  defensive  mecha¬ 
nism  to  convert  tryptophan,  which  is  the  chemical  cofactor  for  virus  ad¬ 
sorption,  into  indole,  a  molecule  which  displaces  or  inhibits  this  adsorption. 
These  points  should  lead  to  the  use  of  tryptophan  displacers  with  purine 
antimetabolites  in  the  chemotherapy  of  the  virus  diseases. 

As  mentioned  in  the  introduction  to  this  section,  the  tryptophan  molecule 
offers  potentialities  as  a  model  for  the  design  of  displacers  through  modifica¬ 
tions  in  the  ring  systems,  through  substitution  or  ring  replacement  or  y 
change  in  the  alanine  side  chain.  All  of  these  potentialities  have  been 
realized— 5-methyltryptophan  characterizing  those  with  added  substituent 
/2-3-thianaphthenylalanine  those  with  ring  change,  and  indoleacrylic  aci 

those  with  alanine  side  chain  alteration.  .  .  . 

3-Acetylpyridine  is  an  antimetabolite  for  tryptophan  just  as  mcotmic 
acid  is  a  natural  antagonist  for  indoleacrylic  acid  Tryptophan  ,s  a  known 
precursor  of  nicotinic  acid  and  if  this  were  its  sole  limiting  function 
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given  system,  the  counteraction  of  acetylpyridine  by  the  amino  acid  would 
be  anticipated.  But  how  are  we  to  account  for  the  nullification  of  the  action 
of  indoleacrylic  acid  by  nicotinic  acid  unless  the  mechanism  is  reversible 
and  nicotinic  acid  functions  as  a  precursor  for  tryptophan  under  conditions 
of  metabolic  stress? 
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Chapter  7 


PHENYLALANINE-TYROSINE  ANALOGUES 


OH 


1^1 

ri 

NHo 

NH-> 

T  1 

CHo— CH— COOH 

CHo — CH — COOH 

Phenylalanine 

Tyrosine 

1.  Metabolite  Analogues  Produced  by  Ring  Modification. 

2.  Metabolite  Analogues  Produced  by  Ring  Substitution. 

3.  Metabolite  Analogues  Produced  by  Alanine  Side  Chain  Modification. 

4.  Miscellaneous  Displacers. 

5.  Enzymatic  Aspects. 

6.  Chemotherapy  and  Pharmacology. 

7.  Recapitulation. 

Phenylalanine  is  an  essential  amino  acid  and  its  oxidation  in  the  animal 
organism  forms  tyrosine,  a  nonessential  factor.  Isomers  of  phenylalanine 
and  tyrosine  are  interchangeable  in  the  dietary  of  the  rat.  In  man,  however, 
only  the  natural  forms  are  utilized.  Phenylalanine  and  therefore  tyrosine 
can  be  replaced  in  the  diet  of  an  animal  by  acids  which  have  a  keto  or  a 
hydroxyl  instead  of  an  amino  group,  since  amination  occurs.  Tyrosine 
lowers  the  minimal  requirements  of  phenylalanine  but  cannot  replace  it. 
The  pharmacological  implications  of  the  demonstration  that  epinephrine 
is  formed  from  phenylalanine  in  the  animal  organism  are  far  reaching  an 
of  paramount  importance  in  consideration  of  the  metabolite  analogues  of 
this  amino  acid.  The  general  metabolic  pattern  for  phenylalanine  is  pre- 

sented  in  H12  1  • 

Much  information  concerning  phenylalanine  and  tyrosine  metabolism 

came  from  study  of  inborn  errors  of  the  metabolism  of  these  amino  acids. 
Albinism  is  one  of  these,  characterized  by  abnormal  deficiency  in  the  forma¬ 
tion  of  melanin.  The  defect  is  apparently  in  the  absence  of  an  enzyme 
capable  of  converting  dihydroxyphenylalamne  to  melanin.  Another  sue 
metabolic  sport  is  alcaptonuria  in  which  homogenttsic  acid  is  excreted. .  Th 
condition  was  known  in  ancient  times,  the  urine  of  such  patients  g 
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Protein 
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Fig.  1.  Phenylalanine-tyrosine  metabolism. 
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described  as  black.  The  alcaptonuric  utilizes  phenylalanine  and  tyrosine 
normally  tor  the  production  of  tissue  proteins.  Oligophrenia  phenylpyruvica 
is  a  recent  addition  to  the  list.  1  his  condition  is  seen  in  certain  mentally 
defective  patients  and  is  characterized  by  the  excretion  of  phenylpyruvic 
acid.  The  metabolic  abnormality  is  localized  at  the  point  of  oxidation  of 
phenylalanine  to  the  p-hydroxy  compound.  Tyrosinosis,  another,  is  char¬ 
acterized  by  blockage  at  the  next  point  of  tyrosine  metabolism,  namely  p- 
hydroxyphenylpyruvic  acid.  Premature  infants  excrete  p-hydroxyphenyl- 
pyruvic  acid  and  p-hydroxyphenyllactic  acid  in  the  urine,  an  abnormal  state 
associated  with  and  corrected  by  ascorbic  acid. 

These  metabolically  mutated  biochemical  states  are  mentioned  here 
because  there  is  a  possibility  that  some  of  them  may  be  due  to  specific 
naturally  occurring  metabolite  analogues. 

The  metabolism  of  these  aromatic  amino  acids  is  controlled  in  some 
manner  by  ascorbic  acid,  as  manifested  by  the  excretion  of  homogentisic 
acid  and  related  molecules  in  vitamin  C  deficient  guinea  pigs  and  humans. 
The  oxidation  of  the  phenyl  nucleus  does  not  occur  in  the  absence  of  the 
vitamin.  Liver  preparations  and  folic  acid  also  reduce  the  excretion  of 
aromatic  keto  acids  by  vitamin  C  deficient  guinea  pigs. 

Tyrosine  by  putrefactive  decomposition  loses  carbon  dioxide  to  form  the 
base  tyramine,  an  active  principle  of  ergot.  Tyramine  is  a  powerful  physio¬ 
logical  agent,  raising  blood  pressure.  Although  in  general,  decarboxylation 
occurs  as  a  result  of  the  action  of  bacteria  in  the  intestine,  there  is  evidence 
showing  that  these  amino  acids  can  be  degraded  in  a  like  manner  in  vivo. 
It  will  be  recalled  that  the  phosphorylated  derivative  of  pyridoxal  is  the 
cofactor  for  the  decarboxylation  of  tyrosine.  Tyrosine  is  vital  to  the  meta¬ 


bolic  processes  which  result  in  the  formation  of  the  hormones  of  the 
posterior  pituitary  and  thyroxine.  The  intermediate  in  the  latter  conversion 

is  iodogorgoic  acid  (diiodotyrosine). 

Kidney  tissue  possesses  the  enzymatic  power  to  convert  dihydroxyphenyl- 
alanine  to  hydroxytyramine.  The  enzyme  (dopa  decarboxylase)  also  occurs 
in  liver,  small  intestine,  and  in  fetal  organs.  It  is  active  with  either  the 
3,4-acid  or  the  2,5-dihydroxyphenylalanine  as  substrate,  but  not  with 
tyrosine.  For  the  action  of  dopa  decarboxylase,  a  hydroxyl  group  in  the 
para-  position  is  not  adequate;  there  must  be  a  hydroxyl,  either  meta-  or 
ortho-  Two  hydroxyls  are  not  needed.  Bacteria,  specifically,  Streptococcus 
faecalis,  contain  a  decarboxylase  for  tyrosine  which  acts  on  dopa  and 
phenylalanine.  Both  tyrosine  and  dopa  administered  in  adequate  dosage  to 
rats  cause  hypertension.  The  mechanism  of  this  action  might  be  through 
decarboxylation  to  pressor  compounds  or  through  blockage  ot  the  action  o 
tyrosinase  on  epinephrine.  Tyrosine  poisoning  in  the  rat  is  characterized  by 
degenerative  and  necrotizing  changes  which  are  most  striking  in  the  pancreas. 

The  phenolic  hydroxyl  of  tyrosine  is  fundamental  to  the  action  o  p  p 
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sin,  pepsinogen,  insulin,  and  the  chorionic  gonadotropic  and  lactogenic 
hormones  and  it  is  probable  that  this  group  contributes  to  the  essential 
nature  of  many  other  protein  or  peptide  catalysts. 

The  first  step  in  the  breakdown  of  amino  acids  in  the  animal  organism  is 
deamination,  which  process  is  catalyzed  by  specific  amino  acid  oxidases, 
most  of  which  are  flavoproteins.  Oxidases  are  specific  with  reference  to 
optical  antipodes.  L-Amino  acid  oxidase  deaminates  phenylalanine  and 
tyrosine.  Not  only  free  amino  acids  but  also  peptides  are  deaminated. 

Tyrosine  is  oxidized  by  the  enzyme  tyrosinase  (a  copper-containing  pro¬ 
tein)  to  a  red  compound,  which  is  ultimately  transformed  into  the  dark 
brown  pigment  known  as  melanin.  At  one  time  it  was  thought  that  a  “dopa 
oxidase”  distinct  from  tyrosinase  performed  the  function  of  the  oxidation 
of  dihydroxyphenylalanine  to  melanin  but  it  is  now  held  that  there  is  but 
one  enzyme  involved,  namely  tyrosinase.  Metabolic  analogues  capable  of 
inhibiting  tyrosinase  might  prevent  the  inactivation  of  esterone,  estradiol, 
epinephrine,  and  similar  substances  which  are  normally  subject  to  the  action 
of  the  enzyme. 

DL-Phenylalanine  is  an  activator  of  penicillinase.  In  the  same  vein,  dopa 
activates  yeast  dipeptidase. 

These  aromatic  amino  acids  are  essential  for  the  optimum  growth  of 
several  bacteria  including  Clostridium  sporogenes ,  Coryne bacterium  diph- 
theriae,  lactic  acid  bacteria,  Streptococcus  zymogenes,  etc.  The  bacterial 
breakdown  products  of  tyrosine  include:  p-hydroxyphenyllactic  acid,  p-hy- 
droxyphenylpropionic  acid,  p-hydroxyphenylacrylic  acid,  p-hydroxyphenyl- 
acetic  acid,  p-cresol,  tyramine,  and  phenol.  Saccharomyces  cerevisiae  and 
Escherichia  coli  are  typical  of  those  microorganisms  which  do  not  require 
phenylalanine  in  the  medium  for  growth. 

N-Methyltyrosine,  also  called  surinamine,  occurs  naturally  and  has  been 
used  as  an  astringent.  Administered  orally,  it  causes  violent  purging 

t  has :  been  suggested  that  tyrosine  linkage  in  the  protein  molecules  may 
e  y  si  e  c  ains  as  well  as  through  the  customary  peptide  union.  This 
assumption  was  based  upon  the  weaker  color  reactions  given  by  tyrosine 

tehThY"  mtaCt  “  contrasted  to  the  totol  hydrolysate  of  that  pro¬ 

em,  but  recent  ev.dence  indicates  that  the  reacting  atomic  groups  Ire 

s  erically  protected  in  the  protein  and  so  do  not  react  as  strongly  Pphen- 
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Metabolite  Analogues  Produced  by  Ring  Modification 


The  first  member  of  this  series  to  be  produced  was  /)-2-thienyl-DL-alanine 
which  was  reported  by  duVigneaud  et  al.  (1945)  as  inhibiting  the  growth 
of  Sciccharomyces  cerevisiae,  an  action  nullified  by  phenylalanine.  Tyrosine 
did  not  counteract  the  antimetabolite.  Extension  of  these  studies  revealed 
the  activity  of  this  molecule  against  Escherichia  coli,  Streptococcus  jaecalis, 
and  Lactobacillus  arabinosus  (Dittmer  et  al.,  1946).  The  specificity  ex¬ 
hibited  by  the  displacer  for  the  yeast  was  greater  than  for  a  bacterial  test 
system.  With  the  yeast,  none  of  the  other  amino  acids  tested  was  as  effective 
as  DL-phenylalanine;  however,  at  concentrations  10  to  30  times  as  high  as 
that  required  for  phenylalanine  counteraction,  DL-leucine,  DL-isoleucine, 
DL-tryptophan,  DL-methionine,  and  DL-valine  were  active.  By  contrast  using 
Escherichia  coli,  DL-phenylalanine  and  DL-tryptophan  were  equally  effective 
and  L-tyrosine  was  also  active. 

Resolution  of  /?-2-thienyl-DL-alanine  by  Ferger  and  duVigneaud  (1948) 
led  to  the  observation  that  only  the  L-form  possessed  inhibitor  activity,  the 
D-isomer  being  inactive.  These  investigators  used  a  chemical  method  of 
resolution.  An  enzymatic  procedure  for  the  resolution  of  this  antimetabolite 
has  been  reported  by  Crowe  and  Nord  (1950). 

Beerstecher  and  Shive  (1946)  independently  applied  the  same  analogue 


to  “inhibition  analysis”  studies  with  Escherichia  coli.  The  results  obtained 
were  identical  with  those  of  Dittmer  et  al.  (1946)  and  were  interpreted  to 
indicate  that  tryptophan  was  a  precursor  of  phenylalanine. 

An  improved  synthesis  of  /3-2-thienylalanine  (Dittmer  et  al.,  1946a) 
made  possible  more  extensive  studies  of  this  molecule.  Extension  of  their 
studies  of  /?-2-thienylalanine  and  its  effect  on  the  metabolism  of  Escherichia 
coli,  led  Beerstecher  and  Shive  (1947)  to  conclude  that  this  bacterium  con¬ 
verts  phenylalanine  to  tyrosine  in  an  essentially  irreversible  direct  oxidation, 
and  that  the  antimetabolite  prevents  this  oxidation  by  competing  with  the 
natural  nutrilite  for  an  enzyme  surface.  This  assumption  was  based  upon 
the  greater  effectiveness  of  tyrosine  as  contrasted  to  phenylalanine  in  coun¬ 
teracting  the  inhibitor.  Logically,  the  product  of  an  enzyme  action  should 
be  more  effective  than  a  precursor  of  the  normal  enzyme  substrate  in  nu  i- 

fying  the  action  of  a  metabolite  analogue.  . 

Goodman  et  al.  (1949)  studied  the  effect  of  thienylalanme  on  bacterial 

respiration,  using  the  Warburg  manometric  technic.  They  found  that  the 
antimetabolite  markedly  inhibited  the  rate  of  oxygen  consumption  by 
Escherichia  coli  and  that  this  was  directly  correlated  wtth  inhibition  of 
growth  The  displacer  molecule  had  no  effect  on  an  Escherwnu  co  i  ac  ic 
dehydrogenase  system.  A  40  per  cent  inhibition  of  the  activity  of  dopa 
decarboxylase  is  caused  by  thienylalanine  at  a  level  of  2.5  mg./ml.  (Ma 
et  al.,  1950) . 


147 


Metabolite  Analogues  Produced  by  Ring  Modification 

Table  1 


Metabolite  Analogues  of  Tyrosine-Phenylalanine  Produced 
by  Ring  Modification 


Compound 

A  ction 

T est  System 

Comment 

Reference 

/3-2-Thienyl- 

+ 

Saccharomyces 

Growth 

duVigneaud  et  al.,  19-15 

DL-alanine 

cerevisiae 

+ 

Several  bac- 

Dittmer  et  al.,  1946 

terial  species 

/3-3-Thienyl- 

+ 

Saccharomyces 

Growth 

Dittmer,  1948,  1949 

DL-alanine 

cerevisiae  & 
Escherichia 
coli. 

+ 

Tubercle 

<( 

Pope,  1949 

bacillus 

+ 

Rat 

u 

Garst  et  al.,  1949 

/3-2-Furyl- 

+ 

Saccharomyces 

Growth 

Herz  et  al.,  1947 

DL-alanine  . 

cerevisiae  & 

Clark  and  Dittmer, 

Escherichia 

coli 

1948 

/3-2-PyrryI- 

+ 

Saccharomyces 

Growth 

Herz  et  al.,  1948 

DL-alanine 

cerevisiae  & 
Escherichia 
coli 

/3-2-Pyridyl- 

+ 

Phage  infected 
bacteria 

Liberation  of 

Anderson,  1946 

alanine 

phage.  Not 
proved  anti¬ 
phenylalanine 

/3-3-PyridyI- 

+ 

Phage  infected 

Liberation  of 

Anderson,  1946 

alanine . 

bacteria 

phage.  Not 
proved  anti¬ 
phenylalanine 

/3-4-Pyridyl- 

+ 

Streptococcus 

Growth 

Elliott  et  al.,  1948 

alanine .  .  . 

hemolyticus 

+ 

Escherichia 

it 

«« 

coli 

/3-6-Methoxy- 

quinolyl-4- 

+ 

Streptococcus 

hemolyticus 

Growth 

Elliott  et  al.,  1948 

alanine.  , 

+ 

Escherichia 

«c 

coli 

/3-Quinolyl-4- 
alanine . 

~ 

Streptococcus 

hemolyticus 

Growth 

Elliott  et  al.,  1948 

suIent!hlbf.erfCle,hbaCiHUS  Wht'Ch  iS  normal|y  resistant  to  growth  inhibitors  was 
susceptible  to  the  effect  of  /J-2-thienylalanine  (Drea,  1948;  Pope  1949) 

S94W8a:  Teh;rfia  rs  in  ChiCk  —  (Thompson  and  S’ 

1948  ).  The  latter  observation  can  be  interpreted  to  indicate  the  importance 

ol  phenylalanine  in  the  proliferation  of  the  virus  The  potentialitv^ 

“  i ““  “  . . « * . -  snr:r.~ 

The  first  and  thus  far  only  attempt  to  ascertain  the  effect  of  R  9  th;  i 


Phenylalanine-Tyrosine  Analogues 

caused  an  immediate  and  rapid  loss  in  weight.  Any  of  the  optical  forms  was 
effective.  The  authors  point  out  that  D-phenylalanine  will  support  the 
growth  of  the  rat  but  not  of  Lactobacillus  delbrueckii,  and  with  this  micro¬ 
organism  thienyl-D-alanine  is  inactive.  Tyrosine  was  not  effective  in  counter¬ 
acting  the  growth  inhibition  produced  by  £-2-thienylalanine.  It  will  be  re¬ 
called  that  tyrosine  did  counteract  this  antimetabolite  when  Escherichia 
coli  was  the  test  organism  but  not  when  Saccharomyces  cerevisiae  was  used. 

Work  with  ^-2-thienylalanine  stimulated  interest  in  the  £-3 -compound 
which  was  synthesized  by  Campaigne  et  al.  (1948)  and  by  Dittmer  (1948, 
1949).  The  latter  investigator  found  the  ^-3-isomer  to  be  twice  as  active 
with  yeast  as  the  test  system  and  30  per  cent  more  active  as  compared  to 
the  /?-2-compound  if  Escherichia  coli  was  used.  Dittmer  proposes  the 
3-position  of  the  thiophene  ring  as  the  point  of  side  chain  attachment  for 
obtaining  greatest  potency  in  any  metabolite  analogue  designed  by  replace¬ 
ment  of  a  phenyl  ring.  /3-3-Thienylalanine  was  the  most  powerful  metabolite 
analogue  tested  by  Pope  (1949)  against  the  tubercle  bacillus.  Specificity 
was  not  great,  as  not  only  phenylalanine  and  tyrosine  but  also  leucine, 
isoleucine,  norleucine,  and  tryptophan  counteracted  the  toxicity  of  the 
antimetabolite. 

In  mammalian  metabolism,  the  /?-3-isomer  is  also  reported  to  be  more 
powerful  than  the  /^-2-compound  (Garst  et  al.,  1949).  Beyond  the  quanti¬ 
tative  aspects,  the  results  are  essentially  the  same  as  those  obtained  with 
the  2-substituted  molecule  (Ferger  and  duVigneaud,  1949).  Employing  the 
protein  depleted  rat,  Dittmer  et  al.  (1950)  noted  inhibition  of  weight 
restoration  by  /?-3-thienylalanine,  which  was  reversed  by  additional  amounts 
of  phenylalanine. 

Recently,  Dunn  and  Dittmer  (1950)  have  synthesized  peptides  containing 
amino  acid  antagonists  such  as  the  two  thienylalanines.  Glycyl-/?-2-thien- 
ylalanine,  glycyl-/?-3-thienylalanine,  and  /?-2-thienylalanylglycine  inhibited 
reversibly  the  growth  of  Escherichia  coli.  Quantitatively,  these  peptide  an¬ 
tagonists  were  less  powerful  than  the  corresponding  antimetabolites.  The 
/3-2-thienylalanine  inhibition  was  reversed  by  phenylalanylglycine,  glycyl- 
phenylalanine,  or  glycyl-p-methylphenylalanine.  Using  yeast  as  the  test 
organism,  these  investigators  found  that  the  peptides  were  much  less  effec¬ 
tive  than  the  corresponding  free  amino  acids  either  as  inhibitors  or  as  re¬ 
verses  of  inhibition.  It  would  seem  open  to  question  whether  or  not  hydrol¬ 
ysis  played  a  role  in  these  observations. 

Among  other  metabolite  analogues  of  phenylalanine-tyrosine  designed 
by  ring  modification,  £-2-furylalanine  (Herz  et  al.,  1947)  has  received 
considerable  study.  Clark  and  Dittmer  (1948)  found  this  molecule  to  be 
about  one-third  as  good  as  /?-2-thienylalanine  as  an  antagonist.  The  ability 
of  amino  acids  to  counteract  /?-2-furylalanine  parallels  roughly  that  seen 
with  the  thienyl  compounds.  The  furyl  compound  markedly  inhibited  the 
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rate  of  oxygen  consumption  of  Escherichia  coli  (Goodman  et  al.,  1949). 
Herz  et  al.  (1948)  found  ^-2-pyrrylalanine,  which  they  prepared  in  crude 
form,  to  be  an  antiphenylalanine. 

The  observation  of  Anderson  (1946)  that  2-  and  3-pyridylalanine 
blocked  the  liberation  of  active  phage  particles  from  infected  bacteria  seems 
of  paramount  importance.  The  drugs  effectively  prevented  the  spread  of 
the  phage  infection  in  the  bacterial  culture  confining  the  infection  to  cells 
first  attacked.  The  application  of  these  findings  to  virus  chemotherapy  is  ap¬ 
parent. 

Finally,  Elliott  et  al.  (1948)  prepared  /M-pyridylalanine,  £-4-quinolylal- 
anine,  and  /?-6-methoxyquinolyl-4-alanine;  the  second  molecule  listed  was 
the  only  inactive  one.  The  other  two  were  active  against  hemolytic  strepto¬ 
cocci. 


Metabolite  Analogues  Produced  by  Ring  Substitution 

Studies  with  the  fluorinated  derivatives  of  phenylalanine  and  tyrosine  had 
clearly  demonstrated  their  toxicity  (Boyer  et  al.,  1941 )  before  the  displace¬ 
ment  concept  was  applied.  3-Fluorotyrosine,  3-fluorophenylalanine,  3-fluoro- 
5-iodotyrosine,  and  3,5-difluorotyrosine  produced  convulsions  and  hyper¬ 
irritability  followed  by  extreme  lethargy.  When  fed  in  the  diet  at  levels  as 
low  as  0.0005  per  cent,  3-fluorotyrosine  inhibited  the  growth  of  young  rats. 
While  it  was  not  established,  it  is  probable  that  the  toxicological  manifesta¬ 
tions  stemmed  from  inhibition  of  some  phase  of  phenylalanine-tyrosine 
metabolism.  Niemann  and  Rapport  (1946)  resolved  the  DL-mixture  of 

3- fluorotyrosine  and  found  that  either  antipode  had  a  toxicity  identical  with 
that  of  the  racemic  form.  It  will  be  recalled  that  Ferger  and  duVigneaud 
(1949)  found  a  similar  situation  held  for  the  optical  forms  of  /?-2-thienyl- 
DL-alanine.  Subsequently,  Armstrong  and  Lewis  (1950)  found  2-  and 

4- fluorotyrosine  to  be  toxic  for  rats  but  to  a  lesser  degree  than  the  3-isomer. 
Actual  proof  that  the  toxicity  of  the  halogenated  analogues  of  tyrosine 

and  phenylalanine  was  due  to  competitive  inhibition  came  with  the  observa¬ 
tions  of  Mitchell  and  Niemann  (1947).  They  used  Neurospora  as  the  test 
organism  and  found  3-fluoro-DL-phenylalanine  to  be  the  most  powerful 
agent  with  an  inhibitor/metabolite  ratio  of  1:2.  The  optical  antipodes  of 
3-fluorotyrosine  were  both  active,  but  the  L-form  was  approximately  three 
times  as  powerful  as  the  d.  2-Chloro-,  3-chloro-,  4-chloro-,  3-bromo- 
3-iodo-DL-phenyla  anine  and  3,5-difluoro-DL-tyrosine  had  inhibitor/metabo- 

mef  h  rf  ab°uVf-  5°'  These  investi8al°rs  point  out  the  similarity  of  the 
tabolite  inhibitor  relationship  in  this  series  with  that  seen  between 

and  fluoroal^tate3'1"  3dWP-ami"^nzo*  acid  and  between  acetate 

ph^y[alanin^ty^os^ne(  cm^^the^growth  ™'*'*>*'*  d^-ers  of 

g  owth  ol  Pseudomonas  aeruginosa  and 
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Table  II 


Metabolite  Analogues  of  Phenylalanine-Tyrosine  Produced  by 

Ring  Substitution 


Compound 

A  ction 

T est  System 

Comment 

Reference 

3-Fluorotyrosine 

+ 

Rat 

Growth  and 

Boyer  et  al.,  1941 

toxicity 

+ 

Neurospora 

Growth 

Armstrong  &  Lewis, 

1950 

Mitchell  &  Niemann, 

1947 

3-Fluorophenyl- 

+ 

Rat 

Growth  and 

Boyer  et  al.,  1941 

alanine 

toxicity 

+ 

Neurospora 

Growth 

Mitchell  &  Niemann, 

1947 

3-Fluoro-5-iodo- 

+ 

Rat 

Growth  and 

Boyer  et  al.,  1941 

tyrosine 

toxicity 

3,5-Difluoro- 

+ 

Rat 

Growth  and 

Boyer  et  al.,  1941 

tyrosine 

+ 

Neurospora 

toxicity 

Growth 

Mitchell  &  Niemann, 

1947 

2-,  3-and  4- 

+ 

Neurospora 

Growth 

Mitchell  &  Niemann, 

Chlorophenyl- 

alanine 

1947 

3-Bromo-  and  3- 

+ 

Neurospora 

Growth 

Mitchell  &  Niemann, 

iodophenyl- 

alanine 

1947 

4-Fluorophenyl- 

+ 

Pseudomonas 

Growth 

Martin  and  Moss, 

alanine 

aeruginosa 

1949 

+ 

Rat 

Growth 

Armstrong  &  Lewis, 

1950 

+ 

Dopa  decarboxy- 

Inhibitor 

Martin  et  al.,  1950 

lase 

3-Fluorophenyl- 

+ 

Rat 

Growth 

Armstrong  &  Lewis, 
1950 

alanine 

p-Aminophenyl- 

_ 

Hemolytic 

Growth 

Elliott  et  al.,  1948 

alanine 

streptococci 

/3-w-Amino-p- 

+ 

Hemolytic 

Growth 

Elliott  et  al.,  1948 

tolylalanine 

streptococci 

Elliott  et  al.,  1948 

p-Dimethyl- 

- 

Hemolytic 

Growth 

aminophenyl- 

alanine 

streptococci 

Martin  et  al.,  1950 

it 

3-Methyl- 

tyrosine 

+ 

+ 

Dopa  decarboxy¬ 
lase 

Dogs 

Inhibition 

Blood  pressure 

it 

it 

Martin  et  al.,  1950 

N-Methyl-p- 

— 

it 

ti 

ii 

fluorophenyl- 

alanine 

it 

it 

Martin  et  al.,  1950 

4-Methylphenyl- 

+ 

it 

it 

ii 

alanine 

' 

it 

it 

Martin  et  al.,  1950 

Methoxytyrosine 

+ 

it 

it 

ii 

+ 
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found  p-fluorophenylalanine  to  be  a  competitive  metabolite  blocking  agent. 
O-Methyltyrosine,  N-methyltyrosine,  and  3-methyltyrosine  were  inactive. 

Additional  members  of  this  series  listed  in  Table  11  were  studied  by 
Elliott  et  al.  (1948)  using  hemolytic  streptococci  as  test  organisms  and  by 
Martin  et  al.  (1950)  using  dopa  decarboxylase  in  vitro  and  also  blood 
pressure  in  dogs.  These  results  will  be  presented  in  the  section  on  pharma¬ 
cology  but  are  listed  in  Table  II. 

Metabolite  Analogues  Produced  by  Alanine  Side  Chain  Modification 

Studies  of  molecular  species  which  can  be  regarded  as  metabolite  ana¬ 
logues  of  phenylalanine-tyrosine  with  side  chain  modification  are  few  in 
number  but  ample  to  demonstrate  the  effectiveness  of  this  approach. 

In  spite  of  the  failure  of  Dakin  (1909)  to  note  any  deleterious  effect 
resulting  from  the  administration  of  phenylserine  to  cats,  Beerstecher  and 
Shive  (1946)  investigated  the  displacement  capacities  of  this  molecule  and 
found  that  it  inhibited  competitively  with  phenylalanine  the  growth  of 
Escherichia  coli,  Lactobacillus  arabinosus,  and  Streptococcus  faecalis  R. 
As  with  other  analogues  of  phenylalanine,  it  was  reported  that  tryptophan 
but  not  tyrosine  (Beerstecher  and  Shive,  1947)  reversed  the  activity  of 
phenylserine.  This  finding  is  in  sharp  contrast  with  the  observation  that 
tyrosine  completely  reverses  the  toxicity  of  /8-2-thienylalanine,  and  is  inter¬ 
preted  to  indicate  the  blockage  by  phenylserine  of  the  formation  from 


Table  III 

Metabolite  Analogues  of  Phenylalanine-Tyrosine  Produced 
by  Side  Chain  Modification;  also  Miscellaneous  Displacers 


Compound 

Ac- 

tivity 

T est  System 

Comment 

Reference 

Phenylserine 

+ 

Escherichia  coli 

Growth 

Beersterher  & 

p-Hydroxyphenyl- 

alanine 

Lactobacillus 

arabinosus 

Streptococcus 

Shive,  1946 

faecalis  R 

1  -( p-Hydroxyphenyl )  - 
2-aminobutanon- 

+ 

Antimitotic 

Erlenmeyer  and 

(3) 

Kuhne,  1949 

p-Hydroxyphenyl- 
pyruvic  acid 

+ 

Dopa 

decarboxylase 

Activity 

Martin  et  al.,  1950 

Indoleacrylic  acid 

Cinnamic  acid  and 
derivatives 

+ 

Escherichia  coli 

Leuconostoc 

mesenteroides 

Growth 

Growth 

Marnay,  1949 

Furst  and  Harper, 
1950 

Furylacrylic  acid 

_ 

«( 

cc 

Thienylacrylic  acid 

__ 

U 

u 

Chloromycetin 

+ 

Escherichia  coli 
Lactobacillus 

Growth, 
but  non- 

Woolley,  1950 

casei 

competi¬ 

tive 
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F 

OH 

NO., 

fS 

X 

1 

fl) 

V 

V 

CH, 

| 

CH. 

CH(OH) 

1 

Ci 

CH— NH, 

CH— NH— CH, 

H— C— NH— CO- 

1 

/ 

-C— H 

COOH 

COOH 

1 

CH.OH 

\ 

Cl 

p-Fluorophenylalanine  N-Methyltyrosine  Chloramphenicol 

l)(-)threo-l-p-nitro- 
phenyl-2-dichloroacet- 
amido-1, 3-propanediol 


-CH,— CH(NH,)— COOH 


/^-3-Thienylalanine 


CH — CH(NH .) — COOH 

/ 


/M2-Furyl)-alanine 


OH 


1^ 

CH. 

I 

CH— NH2 

I 

c=o 
I 

CH, 

1  -(p-hydroxyphenyl)-2- 
aminobulanon-(3) 

Fig.  2.  Metabolite  analogues  of  phenylalanine-tyrosine. 

phenylalanine  of  an  essential  product  other  than  tyrosine.  It  is  interesting 
from  the  standpoint  of  possible  chemotherapeutic  application  that  the  non¬ 
toxicity  of  this  antimetabolite  for  animals  has  been  confirmed  (Armstrong 

and  Lewis,  1950).  , 

Other  molecules  of  this  general  classification  include  l-(p-hydroxy- 
phenyl )  -2-aminobutanon-(  3 )  which  was  synthesized  and  found  to  be  an 
antimitotic  by  Erlenmeyer  and  Kuhne  (1949)  and  p-hydroxyphenylpyruvic 
acid  which  specifically  inhibited  the  action  of  dopa  decarboxylase  (Mar  in 

et  al.,  1950). 


Phenylserine 


Enzymatic  Aspects 
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Miscellaneous  Displacers 


In  the  category  of  miscellaneous  displacers  of  phenylalanine  can  be 
placed  those  primary  tryptophan  antimetabolites  which  are  also  reversed 
by  phenylalanine.  Indoleacrylic  acid  (Mamay,  1949)  is  one  of  these  ana¬ 
logues  with  no  greater  specificity  for  tryptophan  than  for  phenylalanine.  It 
suggests  that  Escherichia  coli  possesses  a  capacity  for  almost  interchange¬ 
able  usage  of  either  amino  acid  in  the  systems  specifically  blocked  by  this 
antimetabolite.  In  this  connection,  it  is  interesting  to  note  that  5-methyl- 
tryptophan  is  not  an  effective  inhibitor  of  the  action  of  dopa  decarboxylase 
(Martin  et  al.,  1950). 

Furst  and  Harper  (1950)  reported  the  following  compounds  as  essen¬ 
tially  inactive  against  phenylalanine  using  Leuconostoc  mesenteroides: 
p-hydroxycinnamic  acid,  cinnamic  acid,  p-dimethylaminocinnamic  acid, 
p-diethylaminocinnamic  acid,  furylacrylic  acid,  and  thienylacrylic  acid.  The 
action  of  a-aminophenylmethanesulfonic  acid  is  not  specific  for  phenylala¬ 
nine  as  indicated  by  the  failure  of  this  amino  acid  to  reverse  its  toxic  action 
either  against  the  tubercle  bacillus  (Pope,  1949)  or  against  dopa  decar¬ 
boxylase  (Martin  et  al.,  1950). 

One  of  the  complexities  of  the  phenylalanine-tyrosine  metabolite  ana¬ 
logue  series  is  contained  in  the  capacity  of  tyrosine  to  inhibit  the  phenyl¬ 
alanine  promoted  growth  of  Escherichia  coli  (Beerstecher  and  Shive, 
1947a).  The  action  of  phenylalanine  is  noncompetitive  and  is  interpreted 
to  indicate  control  by  tyrosine  over  the  biosynthesis  of  phenylalanine  and 
related  metabolites. 


The  most  important  contribution  of  recent  date  to  the  study  of  antago¬ 
nists  is  the  demonstration  by  Woolley  (1950)  that  the  antibiotic,  Chloromy¬ 
cetin,  acts  by  noncompetitive  displacement  of  phenylalanine.  He  considered 
t  e  antibiotic  to  be  related  to  the  amino  acid  structurally  but  to  differ  by 
t  e  presence  of  the  mtro  group,  the  dichloroacetyl  moiety,  the  /^-hydroxyl 
radical,  and  the  primary  alcoholic  unit.  Using  molecules  changed  at  any  one 
of  these  points  and  with  combinations  of  two  and  three  simultaneous  modi- 

fh,  h  Tl  3  reduclion  in  competitive  antagonism  with  increase  in 

e  number  of  changes  and  a  corresponding  increase  in  the  antibacterial 
noncompetitive  activity.  ‘uuucienai, 


Enzymatic  Aspects 

The  enzymatic  concatenation  involved  in  the  metabolism  of  phenvhla 
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to  indicate  interference  with  the  activity  of  enzymes  involved  in  protein 
synthesis. 

Another  phase  is  the  oxidative  enzymatic  systems  by  which  phenylalanine 
is  oxidized  to  tyrosine,  tyrosine  to  dopa,  and  dopa  to  melanin.  The  first  step 
is  inhibited  by  /^-2-thienylalanine  when  Escherichia  coli  is  the  test  system 
(Beerstecher  and  Shive,  1947);  the  second  step  and  the  third  which  is  that 
of  conversion  of  dihydroxyphenylalanine  to  melanin  have  been  investigated 
and  many  inhibitors  of  this  reaction  are  known.  N-Acetyltyrosine,  N-formyl- 
tyrosine,  and  3-fluorotyrosine  (Lerner  and  Fitzpatrick,  1950)  are  effective 
inhibitors  of  the  tyrosine-tyrosinase  reaction  and  of  the  dopa-tyrosinase 
reactions  in  vitro.  These  substances  apparently  act  as  competitive  analogues 
of  the  natural  substrates  for  active  centers  on  tyrosinase.  Observations  on 
the  inhibition  of  melanin  formation  in  mice,  rats,  and  cats  by  hydroquinone 
(Oettel,  1936;  Martin  and  Ansbacher,  1941)  probably  represent  in  vivo 
blockage  of  the  oxidative  mechanisms.  Reducing  agents  tend  to  prevent 
melanin  formation  both  in  vivo  and  in  vitro.  Epinephrine  is  subject  to  the 
action  of  tyrosinase,  and  its  oxidation  product  is  a  melanin.  Martin  et  al. 
(1942)  reported  inhibition  of  epinephrine  oxidation  by  aromatic  amines 
and  aminobenzoic  acids.  Displacement  was  not  demonstrated  to  be  the 
basis  of  the  results  obtained  but  in  one  instance,  namely  with  ephedrine, 
the  activity  is  doubtless  competitive  in  nature.  It  has  long  been  established 
that  the  pharmacological  power  of  ephedrine  represents  a  reflection  of  its 
displacement  of  epinephrine  from  an  amine  oxidase  (Gaddum  and  Kwiat- 
kowski,  1938).  Tyrosinase  function  can  also  be  blocked  by  an  inorganic 
material  such  as  molybdenum  (Muir,  1941)  which  displaces  the  copper  of 
the  enzyme,  or  by  a  chelating  agent  such  as  phenylthiocarbamide  (Bem- 
heim  and  Bernheim,  1942),  an  agent  interfering  with  the  normal  functioning 


of  copper. 

Another  enzymatic  system  of  great  importance  to  pharmacologica 
aspects  of  tyrosine  and  phenylalanine  metabolism  is  that  of  dopa  decar¬ 
boxylase.  This  will  be  considered  in  the  next  section  because  it  represents 


the  key  to  the  formation  in  vivo  of  pressor  amines. 

Tyrosine  decarboxylase  occurs  in  bacteria  but  is  not  known  to  occur  in 
animals.  Recently,  Frieden  and  Dittmer  (1950)  studied  the  effect  of  a 
scries  of  antagonists  on  this  enzyme  and  reported  that  the  enzyme  decar- 
boxylated  certain  molecules  tested,  including:  13-2-  and  /3-3-DL-thienylala 
nine!  3,5-difluorotyrosine,  and  3-amino-L-tyrosine.  The  thienyl 
did  not  reduce  the  rate  at  which  tyrosine  was  decarboxylated.  3,5 
L-tyrosine,  3,5-diiodo-L-tyrosine,  3-nitro-L-tyrosine,  p-hydroxyphenyl-DL- 
elvcine  and  p-tolyl-DL-alanine  did  not  serve  as  substrates. 

The 'coenzyme  for  tyrosine  decarboxylase  is  phosphorylated  pyndoxal 
and  it  was  therefore  of  interest  that  while  desoxypyndoxme  II,  P 
nhorvlated  desoxypyridoxine  did  inhibit  (Be.ler  and  Martin,  1947)  The 
Sa,eyfobservabon!hat  tyrosine  is  not  as  toxic  to  the  pyridoxine  deficient 
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rat  (Martin,  1946)  indicates  the  possibility  that  this  B-complex  factor  is 
involved  in  tyrosine  metabolism  in  the  animal  as  well  as  in  bacterial  sys¬ 
tems.  Tyrosine  decarboxylase  is  definitely  not  present  in  the  animal  but 
some  similar  enzyme  is  probably  involved. 

In  any  event,  chemical  agents  for  controlling  the  formation  of  tyramine 
by  bacteria  in  the  gastrointestinal  tract  might  well  prove  valuable  if  the 
research  of  the  future  demonstrates  the  involvement  of  tyramine  and  similar 
agents  in  the  diseases  of  aging. 
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The  formation  of  pressor  amines  involves  the  interplay  of  many  seem¬ 
ingly  divergent  factors.  One  would  be  substrate  concentration  and  would 
depend  on  rate  of  supply  and  rate  of  destruction  of  phenylalanine  and 
tyrosine.  Excess  tyrosine  in  the  diet  is  known  to  produce  hypertension 
(Martin,  1943)  and  the  toxicity  of  this  amino  acid  is  increased  in  animals 
deficient  in  riboflavin  (Martin,  1947).  The  explanation  of  the  first  observa¬ 
tion  is  clear  and  in  the  second  instance  the  fact  that  lower  concentrations 
of  amino  acid  oxidase,  which  is  a  riboflavin-containing  enzyme,  would 
naturally  result  from  a  deficiency  state,  determines  the  lower  rate  of  oxida¬ 
tive  deamination  of  tyrosine  with  resultant  greater  substrate  concentration. 

Another  factor  in  the  formation  in  vivo  of  pressor  amines  would  be  the 
rate  of  conversion  of  tyrosine  to  dihydroxyphenylalanine,  because  the  de¬ 
carboxylase  does  not  act  on  tyrosine.  This  aspect  has  not  as  yet  received 
adequate  study. 


The  next  phase  of  importance  in  pressor  amine  formation  is  the  activity 
of  dopa  decarboxylase.  If  the  biological  conversion  of  dopa  to  pressor 
amine  could  be  inhibited,  the  logical  result  would  be  a  lowering  of  blood 
pressure  in  the  normal  animal  and  possibly  in  the  hypertensive.  One 
approach  would  be  through  a  study  of  cofactors  for  the  enzyme.  Desoxypyri- 
doxine  phosphate  did  not  inhibit  the  decarboxylase,  while  folic  acid  ana¬ 
logues  did  (Martin  and  Beiler,  1947,  1948).  These  same  folic  acid  nntna- 


shows  the  scope  of  this  work. 


The  final  mechanism  involved  would  be  the  rate  of 

lines  hv  aminA  •  * 


rate  of  destruction  of  pressor 
:n  discussed  in  the  preceding 


Table  IV 

Effect  of  Tyrosine  and  Dihydroxyphenylalanine  Analogues  on  the  Activity 
of  Dopa  Decarboxylase  and  on  the  Blood  Pressure  of  the  Intact  Animal* 


Per  Cent 
Inhibition 

Substance 

Concentra- 

Decarbox- 

Dose 

Effect  on  Blood 

tion 

ylase 

Kg.  Wt. 

Pressure 

Suramine  . 

3OO7/CC. 

65% 

10  mg./kg. 

—  30  mm. 

30  min. 

3O7/CC. 

40% 

3-MethyItyrosine  . 

1.2  mg./cc. 

45% 

10  mg./kg. 

No  effect 

25  mg./kg. 

—  90  mm. 

10  min. 

N-Methyl-p-fluoro- 

phenylalanine . 

1.2  mg./cc. 

No  effect 

75  mg./kg. 

No  effect 

p-Fluorophenylalanine 

1.2  mg./cc. 

25% 

25  mg./kg. 

—  30  mm. 

4  hrs. 

50  mg./kg. 

—  70  mm. 

9  hrs. 

p-Methylphenylalanine 

1.2  mg./cc. 

35% 

20  mg./kg. 

No  effect 

p-Chlorophenylalanine 

1.2  mg./cc. 

50% 

68  mg./kg. 

No  effect 

N-Methyltyrosine . 

N-Methyl  dihydroxy- 

2  mg./cc. 

50% 

5  mg./kg. 

No  effect 

phenylalanine  . 

a-Aminophenylethane 

2  mg./cc. 

50% 

5  mg./kg. 

5  mg./kg. 

+  10  mm. 

No  effect 

2  min. 

sulfonic  acid . 

1.2  mg./cc. 

100% 

Nonspecific 

a-Aminophenylmethane 

20  mg./kg. 

No  effect 

sulfonic  acid 

1.2  mg./cc. 

100% 

Nonspecific 

4-lmidazyl  aminomethyl 

50  mg./kg. 

No  effect 

sulfonic  acid 

1.2  mg./cc. 

30% 

Nonspecific 

o-Fluorobenzoic  acid 

1.2  mg./cc. 

40% 

Nonspecific 

20  mg./kg. 

No  effect 

p-Hydroxyphenyl- 
pyruvic  acid 

1.2  mg./cc. 

40% 

20  mg./kg. 

—  24  mm. 

10  min. 

y3-2-Thienylalanine  .... 

1.2  mg./cc. 

No  effect 

2.5  mg./cc. 

40% 

60  min. 

Dihydroxyphenylalanine 

50  mg./kg. 

+  110  mm. 

p-Fluorophenylethyl- 
amine  HC1  . 

1.2  mg./cc. 

No  effect 

3  mg./kg. 

-f  100  mm. 

10  min. 

a-Amino-p-fluoro- 
phenylbutyric  acid 

1.2  mg./cc. 

No  effect 
(insoluble) 

5  mg./kg. 

No  effect 

2  min. 

5-Methyltryptophan 

1.2  mg./cc. 

No  effect 

10  mg./kg. 

—  20  mm. 

Methionine  sulfoxide 

1.2  mg./cc. 

No  effect 

50  mg./kg. 

No  effect 

3  min. 

Benadryl  . 

1.2  mg./cc. 

No  effect 

2  mg./kg. 

—  30  mm. 

2-Isopropy  1-5-methyl- 


phenoxyethyl  diethyl- 
amine  HC1  . 

Phenylalanine 
Phenylserine . 

1.2  mg./cc. 
1.2  mg./cc. 
1.2  mg./cc. 

No  effect 

65% 

15% 

5  mg./kg. 
10  mg./kg. 
200  mg./kg. 

—  90  mm. 

No  effect 

No  effect 

5  min. 

Methoxytyrosine, 

O-methyltyrosine 

Diiodotyrosine 

1.2  mg./cc. 
1.2  mg./cc. 

20% 

20% 

5  mg./kg. 

5  mg./kg. 

—  30  mm. 

No  effect 

1  min. 

2,5-Dimethyl-p-phenyl- 

alanine 

1.2  mg./cc. 

20% 

20  mg./kg. 

—  20  mm. 

2  min. 

*  From  Exper.  Med.  &  Surg.,  8,  5. 

1950. 

156 

Recapitulation 


157 


Another  phenomenon  correlated  with  the  toxicity  of  tyrosine  is  the  modi¬ 
fying  effect  of  other  amino  acids.  Sullivan  and  his  associates  (1932)  noted 
the  counteraction  by  cystine  of  the  deleterious  effects  of  tyrosine  which 
observation  was  confirmed  by  Martin  (1947)  who  also  found  glycine 
effective. 

It  seems  probable  that  one  approach  to  the  problem  of  hypertension 
would  involve  reduction  of  intake  of  phenylalanine-tyrosine,  provision  of 
adequate  riboflavin  to  insure  ample  amino  acid  oxidase,  inhibition  of  the 
action  of  dopa  decarboxylase  through  both  cofactor  and  substrate  displace¬ 
ment,  and  finally  optimal  function  of  amine  oxidase  mechanisms.  This 
approach  has  not  yet  been  made. 

Fluorinated  derivatives  of  phenylalanine  and  tyrosine  have  been  tested 
as  agents  for  the  control  of  basal  metabolic  rate  but  they  were  not  possessed 
of  an  adequate  therapeutic  ratio  for  clinical  application  (Boyer  et  al., 
1941).  3-Fluorotyrosine  failed  to  alter  the  growth  of  an  “ascites”  tumor  in 
the  mouse  (Niedner,  1941). 

Applications  of  phenylalanine-tyrosine  metabolite  analogues  in  chemo¬ 
therapy  have  not  been  extensive.  The  indications  are  that  practical  applica¬ 
tions  are  likely  to  meet  with  success.  The  action  of  2-  and  3-pyridylalanine 
in  preventing  the  adsorption  of  the  phage  particle  (Anderson,  1946)  and 
the  antibacterial  efficacy  of  various  analogues  against  the  tubercle  bacillus 
(Pope,  1949),  Escherichia  coli  (Dittmer  et  al.,  1946),  and  Pseudomonas 
aeruginosa  (Martin  and  Moss,  1949)  strongly  indicate  the  logic  of  further 
studies  in  this  field. 
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As  consideration  of  the  design  of  metabolite  analogues  is  extended,  it 
becomes  clear  that  with  ring  and  side  chain  containing  molecules  effective 
agents  can  be  formed  by  ring  modification,  ring  substitution,  or  side  chain 
alteration.  In  the  case  of  the  phenylalanine-tyrosine  group,  d-2-thienylala- 

nme  1S  typical  of  the  first,  p-fluorophenylalanine  of  the  second,  and  phenyl- 
serine  of  the  third  type.  F  * 

hJhtUal!y  enzyme  involved  in  the  metabolism  of  these  amino  acids 
mati/mlch1111  SUSC^ptlble  t0  the  action  of  structural  inhibitors.  The  enzy- 

°f  ThePa.heCartbh0XylaSe  *  'he  aCtiVUy 

this  categorhaveTeen  "few' "PP'^ns  of  displacers  of 

capacity  L  pvridvLlanil  ‘  POtem'al'fe  are  indicated  b*  the 

efficacy  of  p-fluorophenylalanine  ^  V'rUS  adsorPtlorb  and  by  the 

sure  reduction.  la  te  const  ^ !ar  molecules  in  b'°°d  Pu¬ 

tins  latter  cons.derat.on,  the  interrelated  phenomena 
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point  up  clearly  the  necessity  for  consideration  of  the  overall  pattern  rather 
than  restriction  of  approach  to  a  single  phase.  Here  the  goal  is  reduced 
concentrations  of  pressor  amines  and  this  would  best  be  done  by  an  ap¬ 
proach  designed  to  reduce  intake  of  precursors,  minimize  decarboxylase 
substrate  by  optimal  amino  acid  oxidase  activity,  retard  phenylalanine  oxi¬ 
dation  to  tyrosine  and  dopa,  reduce  the  activity  of  the  decarboxylase 
through  substrate  or  cofactor  displacement,  and  finally  gain  optimal  activity 
of  amine  oxidase. 

The  lack  of  specificity  of  displacement  might  be  considered  a  factor 
against  the  application  of  these  agents  but  it  is  encouraging  to  consider  the 
nontoxicity  of  phenylserine  to  animals  with  its  powerful  antibacterial  action. 
This  establishes  the  probability  that  certain  phases  of  phenylalanine-tyro¬ 
sine  metabolism  essential  to  bacteria  are  not  vital  to  animals.  It  is  this  differ¬ 
ential  requirement  for  natural  metabolite  which  forms  the  basis  for  the 
general  application  of  metabolite  analogues  in  chemotherapy  and  pharma¬ 
cology. 

The  observation  that  Chloromycetin  is  a  noncompetitive  displacer  of 
phenylalanine  opens  new  worlds  of  research  in  the  field  encompassed  by 
the  displacement  concept.  It  indicates  that  strictly  competitive  inhibitors 
may  not  form  the  best  practically  applicable  agents  and  the  falsity  of  the 
general  belief  that  multiple  simultaneous  modifications  in  a  given  structure 
result  in  absence  of  activity.  The  importance  of  emphasis  on  the  distinction 
between  competitive  and  noncompetitive  antimetabolites  is  established.  A 
new  class  of  multiple  modification  metabolite  analogues  is  now  revealed  as 
a  fruitful  field.  The  permutations  and  modifications  possible  using  any  one 
metabolite  as  model  are  enormous. 


1,  1946. 
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Chapter  8 

GLUTAMIC  AND  ASPARTIC  ACID  ANALOGUES 


COOH 


COOH 


CH 


CH, 


CH— NH, 


CH— NH. 


COOH 


COOH 

Glutamic  acid 


Aspartic  acid 


1.  Methionine  Sulfoxide  and  Related  Molecules  as  Glutamic  Acid  Displacers. 

2.  All  Other  Metabolite  Analogues  of  Glutamic  Acid. 

3.  Aspartic  Acid  Metabolite  Analogues. 

4.  Metabolite  Analogues  of  Glutamic  Acid  Peptides. 

5.  Metabolite  Interrelationships  of  Aspartic  and  Glutamic  Acids. 

6.  Recapitulation. 

Although  not  one  of  the  essential  amino  acids,  glutamic  acid  is  never¬ 
theless  of  great  importance  as  it  is  primarily  involved  in  transamination 
reactions.  The  enzyme  catalyzing  this  chemical  mechanism  is  transaminase, 
which  occurs  in  practically  all  animal  tissue,  including  heart  muscle,  brain, 
kidney,  testicle,  etc.  It  is  present  also  in  plants  and  in  microorganisms.  The 
following  reaction  is  typical  of  transamination. 


L-glutamic  acid  -f-  pyruvic  acid  ^  a-ketoglutaric  acid  +  L-alanine. 
In  this  reaction,  aspartic  acid  can  replace  glutamic  acid  as  follows: 
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proteins.  Phosphorylated  pyridoxal  is  a  coenzyme  for  transaminase  and 
for  glutamic  acid  decarboxylase.  The  amino  group  of  glutamic  acid  is  trans¬ 
ferred  first  to  pyridoxal  forming  pyridoxamine  phosphate  which  in  tu 
transfers  the  amino  group  to  the  keto  acid.  The  amino  acid  oxidases  do  not 

deaminate  either  of  the  dicarboxylic  amino  acids.  t 

Both  glutamic  and  aspartic  acids  on  oxidative  deamination  form  keto 
acids,  components  of  the  tricarboxylic  cycle  of  carbohydrate  metabolism. 
From  carbohydrate  via  the  keto  acids  and  amination  reactions  both  glu¬ 
tamic  and  aspartic  acids  are  formed,  and  from  the  glutamic  come  glycine, 
serine,  cysteine,  cystine,  proline,  hydroxyproline,  ornithine,  and  arginine. 
The  y-carboxyl  of  glutamic  acid  is  probably  important  in  bridges  between 


peptide  chains  in  protein  structure. 

Folic  acid  is  a  peptide  of  glutamic  acid  and  occurs  as  conjugates  with 
two  and  as  many  as  seven  glutamic  acid  residues.  Glutathione  is  another 
such  peptide  molecule,  being  a  tripeptide  (glutamylcysteinylglycine)  and 
in  it  occur  all  of  the  amino  acids  known  to  participate  in  detoxication  reac¬ 
tions.  The  significance  of  this  has  not  been  determined.  L-Serylglycyl-L- 
glutamic  acid  possesses  strepogenin  activity.  Finally,  another  glutamic  acid 
peptide — glutamyl  polypeptide — has  been  isolated  from  Bacillus  subtilis. 

D-Glutamic  acid,  the  unnatural  form,  is  found  in  the  capsular  substance 
of  Bacillus  anthracis  and  in  the  antibiotic  agents,  gramicidin  and  tyrocidin. 

During  amination  the  amino  groups  are  partially  transferred  from  the 
a-carbon  of  the  amino  acid  to  the  y-carbon  of  glutamic  acid  with  resultant 
formation  of  glutamine.  Adenosinetriphosphate  is  involved  in  the  reaction 
which  closely  parallels  the  metabolic  concatenation  of  sulfanilamide  acety¬ 
lation. 

Another  metabolic  sequence  is  that  of  D-glutamic  acid  to  pyrrolidone- 
carboxylic  acid  which  on  reduction  forms  proline.  Proline  in  turn  forms 
ornithine  in  accordance  with  the  following: 
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Aspartic  acid  acts  as  the  ammonia  donor  in  the  conversion  of  citrulline 
to  arginine  in  the  liver.  Arginine  is  a  sometime-essential  amino  acid  and 
inhibition  ot  its  formation  might  prove  critical  in  some  aspartic  acid  me¬ 
tabolite  analogue  experiments.  Furthermore,  the  formation  of  urea  from 
arginine  must  be  considered  in  such  research,  as  both  glutamic  acid  and 
aspartic  acid  are  involved.  In  connection  with  the  use  of  glutamic  acid  in 
epileptics  and  mental  defectives,  it  is  interesting  to  note  that  it  is  the  only 
amino  acid  capable  of  replacing  glucose  in  the  maintenance  of  the  respira¬ 
tion  of  brain  cortex  slices.  The  favorable  effect  of  glutamic  acid  admin¬ 
istered  in  mental  disease,  a  controversial  finding,  is  attributed  to  the 
activation  of  cholineacetylase.  Conversely,  glutamic  acid  inhibits  brain  and 
kidney  glutaminase  which  catalyzes  the  hydrolysis  of  the  amide,  glutamine. 

Glutamic  and  aspartic  acids  are  nonessential  to  higher  animals  but  certain 
bacteria  require  them  for  optimal  growth.  The  prime  function  in  bacterial 
systems,  as  in  animal,  is  that  of  transamination  reactions  catalyzed  by 
aminopherases. 

Aspartic  acid  can  be  formed  from  fumaric  acid  by  bacteria.  Nitrogen¬ 
fixing  bacteria  form  the  amino  acid  from  oximinosuccinic  acid.  Biotin  is 
probably  involved  in  the  synthesis  of  aspartic  acid  by  bacteria;  however, 
transamination  does  not  seem  to  be  the  limiting  factor  in  biotin  deficiency. 
The  breakdown  products  of  aspartic  acid  by  microorganisms  include  malic 
acid,  succinic  acid,  fumaric  acid,  ^-alanine,  propionic  acid,  acetic  acid, 
n-propyl  alcohol,  and  ammonia.  For  glutamic  acid,  the  list  includes  a-keto- 
glutaric  acid,  glutaric  acid,  and  ammonia.  Glutamic  acid  is  required  by 
Rhodospirillum  rubrum,  some  strains  of  Eberthella  typhosa,  certain  strepto¬ 
cocci,  Corynebacterium  diphtheriae,  lactic  acid  bacteria,  and  Neisseria  in- 
tracellularis.  Glutamine  under  certain  conditions  stimulates  growth  of  or  is 
required  by  hemolytic  streptococci  and  pneumococci,  some  strains  of  Bacil¬ 
lus  anthracis,  lactic  acid  bacteria,  and  gonococci.  Glutamic  acid  at  higher 
levels  usually  will  replace  glutamine.  Some  lactic  acid  bacteria,  for  examp  e, 
Lactobacillus  delbriickii,  require  aspartic  acid. 


Methionine  Sulfoxide  and  Related  Molecules  as  Glutamic 

Acid  Displacers 

The  first  studies  of  metabolite  analogues  of  glutamic  acid  were  motivated 
by  observations  on  the  efficacy  of  L-glutamic  acid  in  the  treatment  of  peti 
mal  epilepsy  (Price  et  al.,  1943;  Waelsch  and  Price,  1944)  and  menta 
defectives^ (Albert  et  ah,  1946).  Using  Lactobacillus  arabmosus  as  the  test 
organism,  Waelsch  et  al.  (1946)  found  that  the  sulfoxides  of  ^-rnethiomne 
and  di -benzyl-homocysteine  were  effective  ant, metabolites.  The  sullonyl 
derivative  of  methionine  exerted  a  nonspecific  effect.  In  the  same  nonspecific 
maTner  cysteine  tended  to  reverse  the  action  of  the  sulfoxide,  probably  by 
reducing  the  molecule  to  the  original  sulfur  ether  form. 


Methionine  Sulfoxide  and  Related  Molecules 

Table  1 

Metabolite  Analogues  of  Glutamic  Acid 
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Ac- 

Reference 

Compound 

tivity 

Test  System 

Comment 

Methionine 

+ 

Lactobacillus 

Glutamic 

Waelsch  et  al.,  1946 

sulfoxide 

arabinosus 

acid-* 

glutamine 

Benzylhomo- 

+ 

44 

it 

Waelsch  et  al.,  1946 

cysteine  sulfoxide 
Ethionine 

tt 

it 

Waelsch  et  al.,  1946 

sulfoxide 

n-Butylhomo- 

+ 

44 

it 

Borek  &  Waelsch, 

cysteine  sulfoxide 

1947 

n-Propylhomo- 

— 

ti 

it 

Waelsch  et  al.,  1946 

cysteine  sulfoxide 
n-Amylhomo- 

+ 

44 

44 

Borek  &  Waelsch, 

cysteine  sulfoxide 

1947 

n-Hexylhomo- 

+ 

44 

44 

44 

cysteine  sulfoxide 
n-Laurylhomo- 

+ 

tt 

44 

44 

cysteine  sulfoxide 
a-Aminoadipic  acid 

. 

u 

44 

Waelsch  et  al.,  1946 

Aminomalonic  acid 

— 

it 

44 

44 

i-/3-Phenylglutamic 

— 

ti 

44 

it 

acid 

DL-“para”-Hydroxy- 

+ 

Escherichia 

Glutamic  con- 

Shive  &  Macow, 

aspartic  acid 

coli 

verted  to 
aspartic  acid 

1946 

a-Aminopimelic 

— 

Lactobacillus 

Glutamic 

Borek  &  Waelsch, 

acid 

arabinosus 

acid-> 

glutamine 

1949 

/3-Hydroxyglutamic 

+ 

it 

it 

44 

acid 

DL-N-(7-Glutamyl)- 

ethylamine 

+ 

Staphylococcus 

Growth 

Lichtenstein  & 

aureus 

Grossowicz,  1947 

L-N-(7-(Jlutamyl)- 

n-butylamine 

— 

it 

44 

Lichtenstein  & 
Grossowicz,  1947 

L-N-(7-Glutamyl)- 

+ 

it 

44 

44 

ethanolamine 

DL-N-(7-GIutamyl)- 

it 

44 

+ 

ethanolamine 

a-Amino-7-propyI- 
succinic  acid 

— 

Streptococcus 

faecalis 

Growth 

Roper  &  Mcllwain, 
1948 

a-Amino-^-butyl- 

_ 

it 

44 

succinic  acid 

a-Amino-/3-octyl- 

it 

44 

succinic  acid 

a-Aminoundecane-a, 

it 

X-dicarboxylic 

44 

acid 

a-Amino-a-methyl- 

it 

valeric  acid 

44 
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Table  I — ( Continued ) 


Compound 

Ac¬ 

tivity 

Test  System 

Comment 

Reference 

a-Amino-/3-furyl- 
propionic  acid 

— 

Streptococcus 

faecalis 

Growth 

Roper  &  Mcllwain, 
1948 

N-(7-glutamyl)- 

hydroxylamine 

+ 

it 

it 

it 

7-Glutamylhydra- 

zine 

+ 

it 

it 

it 

Acetone  derivative 
7-Glutamylhydra- 
zine 

it 

it 

it 

7-Ethylglutamate 

— 

it 

it 

it 

Methyl  and  benzyl  derivatives  were  highly  active  but  the  corresponding 
ethyl  compound,  sulfoxide  or  the  sulfone,  was  inactive.  This  is  a  striking 
example  of  specificity  for  which  the  authors  offer  no  explanation.  Neither 
of  the  active  glutamic  acid  antagonists  was  effective  against  glutamine, 
which  apparently  indicates  that  the  sulfoxides  prevent  the  amidation  of 
glutamic  acid.  This  interpretation  finds  support  in  the  observations  of  Elliott 
and  Gale  (1948)  who  used  a  Staphylococcus  aureus  glutamine  synthesizing 
system  and  checked  the  formation  of  a  hydroxamic  acid  in  the  presence  of 
glutamic  acid,  adenosinetriphosphate,  and  hydroxylamine.  The  enzyme  was 
competitively  inhibited  by  methionine  sulfoxide. 

Other  phases  of  metabolism  may  also  be  blocked  by  the  sulfoxides;  one 
such  is  suggested  by  the  failure  of  ketoglutaric  acid  to  reverse  the  toxicity 
of  these  antimetabolites  (Waelsch  et  ah,  1946),  indicating  inhibition  of  the 
amination  of  the  ketoglutaric  acid  or  a  general  inhibition  of  transamination 
reactions.  Another  point  tending  to  substantiate  this  view  is  the  fact  that 
glutamine  does  not  completely  reverse  the  sulfoxides  (Borek  and  Waelsch, 


1949). 

Reversal  of  the  antimetabolites  by  L-glutamic  acid  was  observed,  and  of 
particular  interest  is  the  discovery  that  glutathione  was  almost  as  effective. 
Neither  methionine  nor  aspartic  acid  was  active  (Borek  et  ah,  1946). 

In  an  attempt  to  elucidate  the  failure  of  the  sulfoxide  of  ethiomne  as  an 
antimetabolite,  Borek  and  Waelsch  (1947)  prepared  the  corresponding 
sulfoxides  and  sulfones  of  n-propyl-,  n-butyl-,  n-amyl-,  n-hexyl-,  an 
n-laurylhomocysteine.  The  propyl  sulfoxide  was  as  inactive  as  the  ethyl 
analogue  but,  starting  with  the  butyl  homologue,  increasing  tnhtbmon  of 
bacterial  growth  occurred  as  the  chan,  length  increased.  The  ,nh  bn  on 
observed  with  these  compounds  was  only  partially  reversed  by  glutamine 


or  glutamic  acid. 

This  same  paper  reports  that  the  dissociation 


constants  of  the  sulfoxides 


All  Other  Metabolite  Analogues  of  Glutamic  Acid 

of  methionine  and  ethionine  were  identical,  a  finding  which  excludes  dis¬ 
sociation  constants  as  the  basis  of  the  observed  difference  in  glutamic  acid 
displacement  capacity. 

Following  the  resolution  of  the  diastereoisomeric  sulfoxides  of  L-methio- 
ninebyLavine  ( 1947),  Waelsch  and  Borek  (1947)  and  Borek  and  Waelsch 
(1947a)  studied  the  biological  activities  of  these  compounds.  The  mixture 
of  diastereoisomers  derived  from  L-methionine  was  about  seven  times  as 
active  as  those  derived  from  D-methionine.  The  diastereoisomers  derived 
from  L-methionine  differed  in  their  antimetabolite  capacity  by  a  ratio  of 
2.5.  These  authors  interpret  this  as  indicating  that  the  carbon  configura¬ 
tion  is  more  important  to  enzymatic  activity  than  the  sulfur. 


All  Other  Metabolite  Analogues  of  Glutamic  Acid 


During  the  course  of  their  work  with  methionine  sulfoxide,  Waelsch  et 
al.  (1946)  found  that  DL-a-aminoadipic  acid,  aminomalonic  acid  and 
i-/Lphenylglutamic  acid  were  inactive  as  displacing  agents  for  glutamic  acid. 
In  the  same  year,  Shive  and  Macow  reported  the  efficacy  of  DL-“para”- 
hydroxyaspartic  acid  as  a  competitive  inhibitor  of  aspartic  acid.  Glutamic 
acid  reversed  the  hydroxyaspartic  acid  over  a  wide  range  of  concentrations 
and  was  thought  to  act  as  a  precursor  of  aspartic  acid  in  the  system  studied. 

/THydroxyglutamic  acid  is  a  potent  antimetabolite  for  glutamic  acid 
(antibacterial  index  of  30),  functioning  in  a  manner  identical  with  that  of 
methionine  sulfoxide  (Borek  and  Waelsch,  1949).  By  contrast,  a-amino- 
pimelic  acid  was  ineffective. 

Following  Woolley’s  (1946)  proposal,  Lichtenstein  and  Grossowicz 
(1947)  prepared  a  number  of  glutamic  acid  analogues  in  which  the  y- 
carboxyl  was  modified.  These  included  DL-N-(y-glutamyl)-ethylamine,  dl- 
N-(y-glutamyl  )-ethanolamine,  L-N-(y-glutamyl)-ethanolamine,  and  l-N- 
(y-glutamyl ) -n-butylamine  of  which  all  but  the  last  markedly  inhibited  the 
growth  of  Staphylococcus  aureus,  an  effect  reversed  by  glutamic  acid.  The 
inhibitory  action  of  these  y-glutamylamines  is  delayed  for  24  to  27  hours, 
the  explanation  being  that  although  there  is  present  in  the  medium  a  con¬ 
centration  of  glutamic  acid  adequate  to  overcome  the  inhibitor  initially,  it  is 

consumed  as  growth  proceeds,  and  the  inhibitory  effect  of  the  antimetabolite 
is  observed. 


A  point  of  great  importance  in  the  work  of  Lichtenstein  and  Grossowicz 
is  their  observation  that  the  inhibition  induced  by  the  alkyl  substituted 
amides  of  glutamic  acid  was  not  reversed  by  glutamine,  an  indication  that 
ree  glutamic  acid  is  essential  for  the  normal  growth  of  Staphylococcus 

ghiTamined  ^  ant,metabolites  block  the  deamidation  of  the  amide, 

°f/  °f  1fIcomP°unds  test£d  by  Roper  and  Mcllwain  (1948) 
only  four  were  capable  of  inhibiting  the  growth  of  streptococci.  The  negative 
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molecules  as  well  as  those  found  active  are  listed  in  Table  I.  The  series 
included  methionine  sulfoxide  and  sulfone — both  of  which  were  found 
active  as  previously  reported  (Waelsch  et  al.,  1946).  The  new  molecules 
not  of  prior  record  as  antimetabolites  for  glutamic  acid  included  N-(y- 
glutamyl ) hydroxylamine,  y-glutamylhydrazine,  and  the  corresponding  ace¬ 
tone  derivative.  These  authors  indicate  that  the  basis  of  action  of  these 
compounds,  excepting  the  hydroxamic  acid,  is  related  to  the  metabolism  of 
glutamic  acid  or  glutamine.  Actually  it  would  seem  that  here,  as  with  the 
molecules  tested  by  Lichtenstein  and  Grossowicz,  the  compounds  of  the 
type  of  y-glutamylhydrazine  prevented  deamidation  of  glutamine  (the 
compound  stopped  ammonia  formation  from  glutamine)  and  that  glutamic 
acid  must  be  essential  to  glycolysis  in  the  test  bacteria. 

Subsequently,  this  same  group  (Mcllwain  et  ah,  1948)  reported  a  de¬ 
tailed  study  of  the  stimulating  effect  of  glutamine  on  glycolysis  in  suspen¬ 
sions  of  /^-hemolytic  streptococci  and  of  the  inhibition  of  this  reaction  by  y- 
glutamylhydrazine.  They  emphasize  that  glutamic  acid  and  ammonia  do  not 
constitute  the  sole  factors  necessary  for  reversal  of  the  inhibitory  action  of 
glutamylhydrazine.  It  was  made  apparent  in  their  studies  that  both  the 
synthesis  and  breakdown  of  glutamine  is  essential  to  the  normal  growth  of 
streptococci. 

The  existence  of  both  competitive  and  noncompetitive  inhibitors  of  any 
given  enzymatic  reaction  is  a  foregone  conclusion.  In  the  case  of  the 
glutamine  synthesizing  enzymatic  system  in  Staphylococcus  aureus,  it  has 
been  stated  that  methionine  sulfoxide  is  a  competitive  inhibitor  and  now 
crystal  violet  is  added  as  a  noncompetitive  inhibitor  (Elliott  and  Gale, 
1948). 


Aspartic  Acid  Metabolite  Analogues 

One  of  the  most  concise  demonstrations  of  the  complexity  of  the  inter¬ 
related  systems  involved  in  any  metabolite  analogue  study  is  the  report  of 
Ravel  and  Shive  (1946)  in  which  cysteic  acid  is  demonstrated  to  be  a 
competitive  antagonist  of  aspartic  acid.  Escherichia  coli  was  used  as  the  test 
system  in  their  studies  and  they  found  that  not  only  aspartic  acid  but  (3- 
alanine  and  pantothenic  acid  nullified  the  action  of  the  antimetabohte.  The 
interpretation  of  these  findings  was  that  cysteic  acid  prevented  the  decar¬ 
boxylation  of  aspartic  acid  with  resultant  formation  of  ^-alanine,  in  its  turn 

incorporated  into  the  pantothenic  acid  molecule. 

Glutamic  acid  was  more  powerful  than  aspartic  acid  as  a  reversing  agent 
for  the  toxicity  of  cysteic  acid.  Certain  correlated  studies  were  made  in  an 
attempt  to  ascertain  the  basis  of  this  reversal;  a-ketoglutar,c  acid  was  as 
effective  as  aspartic  acid  in  reversing  the  toxicity,  and  mixtures  of  a-keto- 
glutaric  and  aspartic  acids  equaled  or  exceeded  the  potency  of  glutamic 

acid. 


Methionine  sulfoxide 

(i-y-methvlsulfinyl-a- 

aininobutyric  acid) 
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Benzylhomocysteine 

sulfoxide 


a-Aminoadipic  acid 
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Fig.  1.  Metabolite  analogues  of  glutamic  and  aspartic  acids. 
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Attempts  at  an  explanation  of  these  observations  bring  into  the  picture 
similar  studies  carried  out  by  Shive  and  Macow  (1946)  with  DL-“para”- 
hydroxyaspartic  acid  (the  isomer  converted  to  DL-tartaric  acid  by  treatment 
with  nitrous  acid).  This  compound  inhibited  competitively  some  functions 
of  aspartic  acid  in  Escherichia  coli  (molar  inhibition  ratio  10  to  15).  Re¬ 
versal  of  the  action  of  the  antimetabolite  was  effected  by  aspartic  acid, 
glutamic  acid,  and  in  the  presence  of  low  levels  of  hydroxyaspartic  acid, 
pantothenic  acid,  /3-alanine,  and  asparagine  were  also  effective. 


Table  11 


Metabolite  Analogues  of  Aspartic  Acid 


Compound 

Ac¬ 

tivity 

Test  System 

Comment 

Reference 

Cysteic  acid 

+ 

Escherichia 

coli 

Lactobacilli 

Growth 

Ravel  &  Shive,  1946 

DL-“para”-Hydroxy- 
aspartic  acid 

+ 

Escherichia 

coli 

Growth 

Shive  &  Macow,  1946 

Me.vo-Diamino 
succinic  acid 

JL 

i 

Escherichia 

coli 

Growth 

ii 

p-Aspartylhydrazine 

+ 

Streptococcus 

faecalis 

ti 

Roper  &  Mcllwain,  1948 

N-(/3-Aspartyl) 

hydroxylamine 

_L 

i 

it 

ii 

ii 

One  point  seems  clear  from  these  observations  and  it  is  that  cysteic  acid 
inhibits  only  the  biosynthetic  processes  for  pantothenic  acid  formation, 
while  hydroxyaspartic  acid  inhibits  this  process  in  at  least  one  additional 
aspartic  acid  metabolic  channel.  This  would  account  for  the  complete  re¬ 
versal  of  the  action  of  cysteic  acid  by  /3-alanine  and  pantothenic  acid,  and 
the  limited  capacity  of  these  agents  in  the  reversal  of  hydroxyaspartic  acid. 

A  combination  of  a-ketoglutaric  acid  and  aspartic  acid  possesses  a  re¬ 
versing  action  for  cysteic  acid  equal  to  or  exceeding  that  of  glutamic  acid 
(glutamic  having  in  turn  three  times  the  power  of  aspartic).  Now  with 
hydroxyaspartic  acid,  the  enhanced  effect  of  glutamic  acid  over  aspartic 
acid  does  not  occur.  Furthermore,  a-ketoglutaric  acid  has  a  relative  y  ow 
activity  in  reversing  hydroxyaspartic  as  compared  to  cysteic  acid.  This  sug¬ 
gests  that  hydroxyaspartic  inhibits  transamination  reactions  as  well  as  the 
enzymatic  decarboxylation  of  aspartic  acid  to  /3- alanine. 

Inasmuch  as  the  combined  ketoglutaric  and  aspartic  acids  equal  or  sur¬ 
pass  glutamic  acid,  it  is  reasonable  to  assume  that  the  limiting  factors  in 
reactions  inhibited  are  glutamic  acid  and  ketoglutaric  rather  than  aspart  c 
,cid  when  cysteic  acid  is  the  antimetabohte.  There  seems  little  reason  to 
regard  cystd^ acid  as  primarily  an  antimetabohte  effective  a^nnstasp^hc 
acid;  it  appears  rather  to  be  effective  against  glutamic  acid  primarily 
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aspartic  secondarily  with  the  restriction  of  the  involvement  of  these  dicar- 
boxylic  amino  acids  in  pantothenic  acid  synthesis.  In  other  words,  it  seems 
probable  that  glutamic  or  ketoglutaric  acids  act  as  cofactors  for  the 

enzymatic  decarboxylation  of  aspartic  acid. 

Cysteic  acid  inhibits  the  growth  of  Lactobacillus  casei,  Lactobacillus 
arabinosus,  and  Leuconostoc  mesenteroides;  hydroxyaspartic  acid  is  ef¬ 
fective  against  Leuconostoc  mesenteroides.  With  these  bacteria,  at  least  in 
the  case  of  cysteic  acid,  reversal  of  action  is  effected  by  aspartic  acid  but  not 
by  glutamic.  /2-Alanine  had  no  effect  on  the  toxicity  of  cysteic  acid  for 
Lactobacillus  arabinosus,  indicating  that  in  this  instance  the  biosynthetic 
channels  leading  to  pantothenic  acid  are  not  primarily  involved. 

McsoDiaminosuccinic  acid  was  also  found  by  Shive  and  Macow  ( 1946) 
to  be  an  effective  competitive  metabolite  antagonist  for  aspartic  acid  when 
Escherichia  coli  was  the  test  organism. 

Asparagine  partially  reversed  the  toxic  action  of  both  hydroxyaspartic 
(Shive  and  Macow)  and  cysteic  acids  (Ravel  and  Shive),  indication  that 
these  antimetabolites  do  not  affect  deamidation  primarily,  unlike  other 
agents  such  as  alkyl  substituted  amides  of  glutamic  acid  (Lichtenstein  and 
Grossowicz) . 

//-Aspartylhydrazine  was  prepared  and  tested  by  Roper  and  Mcllwain 
(1948).  It  inhibited  the  growth  of  Streptococcus  faecalis  strains  and  in 
some  instances  the  toxic  action  was  diminished  by  asparagine  or  glutamine. 
N-(/2-Aspartyl)  hydroxylamine  was  also  an  active  growth  inhibitor. 


Metabolite  Analogues  of  Glutamic  Acid  Peptides 

In  the  introduction  to  this  section,  three  peptides  of  glutamic  acid  were 
listed  as  of  major  metabolic  significance:  glutathione,  folic  acid,  and 
strepogenin. 

The  first  of  these,  glutathione,  acts  as  a  coenzyme  for  glyoxalase;  the 
effects  of  several  analogues  were  tested  in  this  system  by  Behrens  (1941). 
Isoglutathione  (a-glutamylcysteinylglycine)  which  differs  from  glutathione 
only  in  that  the  glutamic  acid  residue  is  attached  through  the  alpha-carboxyl 
instead  of  the  gamma,  and  asparthione  (/2-aspartylcysteinylglycine)  which 
is  the  aspartic  acid  analogue  of  glutathione,  were  both  found  capable  of 
acting  as  coenzymes  and  exerted  no  toxic  action  as  tested. 

This  probably  indicates  that  the  functional  unit  of  glutathione  is  the 
sulfhydryi  of  the  cysteine,  with  the  glutamyl  residue  of  minor  importance. 
The  second  pepttdeiof  glutamic  acid  is  folic  acid,  which  has  a  multiplicity 
unc  ions,  n  this  case,  modification  in  the  glutamic  acid  moiety  produces 

mi F0rexam'’le-  ueroylaspartic  acid  (Hutch- 
t  f:  L  1947  d  hc  £  ycine  and  mc|hionine  sulfoxide  analogues  of 

antimmabofites.tln  “  ^  '948’  ^  Prin£le’  -re  effective 
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The  third  type  o!  peptide  is  strepogenin,  the  activity  of  which  is  possessed 
to  a  limited  degree  by  L-serylglycyl-L-glutamic  acid  and  similar  molecules. 
Serylgly cy laspartic  acid  (Woolley,  1948)  was  found  inhibitory  to  the 
growth  promoting  action  of  strepogenin.  At  concentrations  higher  than 
those  exhibiting  an  antagonistic  action,  the  aspartic  acid  peptide  actually 
manifested  some  growth  promoting  action. 


Metabolite  Interrelationships  of  Aspartic  and  Glutamic  Acids 

Competitive  inhibition  among  the  various  amino  acids  is  general;  there¬ 
fore,  it  is  not  surprising  that  a  biological  antagonism  exists  between  aspartic 
and  glutamic  acids.  Mulinos  et  al.  ( 1950)  found  that  imbalance  resulting  in 
an  excess  of  either  acid  was  inhibitory  to  acid  production  by  Streptococcus 
faecalis.  The  optimal  aspartic-glutamic  ratio  was  1.6. 

Biotin  substitutes  for  aspartic  acid  in  the  metabolism  of  Streptococcus 
faecalis ;  conversely  aspartic  acid  reverses  the  antimetabolite  action  of  biotin 
displacers.  This  interrelationship  suggests  the  importance  of  a  study  of  com¬ 
binations  of  biotin  and  aspartic  acid  metabolite  analogues. 

The  biological  antagonism  of  naturally  occurring  metabolites  is  seen 
again  in  the  ability  of  glutamine  to  inhibit  the  growth  promoting  effect  of 
glutamic  acid  for  Staphylococcus  aureus  (Grossowicz,  1948).  This  action 
of  glutamine  was  reported  reversed  by  pteroylglutamic  acid,  glutathione  and 
glutamic  acid,  but  the  observation  has  been  challenged  by  Hughes  (1948) 
who  indicated  that  the  zinc  content  of  the  glutamine  was  responsible  for  the 
inhibitory  effect. 


Recapitulation 

The  possibility  arises  that  glutamic  acid  antimetabolites  might  prevent 
formation  or  functioning  of  any  physiologically  important  glutamic  acid 
containing  peptide  (i.e.,  glutathione,  strepogenin,  pteroylglutamic  acid). 
No  studies  of  the  action  of  such  metabolite  analogues  have  been  made  in 
vivo  but  it  is  probable  that  a  degree  of  specificity  related  to  concentration 
will  be  observed.  Considering  the  possible  points  of  inhibitory  action,  such 
as  transamination,  protein  synthesis,  peptide  formation,  amidation,  deami¬ 
dation,  conversion  to  any  one  of  an  entire  sequence  of  amino  acids,  vitamin 
precursor,  etc.,  it  will  be  most  challenging  to  attempt  to  ascertain  the  initial 
point  of  blockage  in  vivo  by  an  agent  such  as  methionine  sulfoxide  or 
cysteic  acid.  One  would  anticipate  that  cysteic  acid  might  cause  a  panto¬ 
thenic  acid  deficiency  primarily  and  that  this  would  not  be  the  case  with 

an  agent  such  as  hydroxyaspartic  acid. 

Methionine  sulfoxide  acts  as  growth  inhibitor  in  certain  bacterial  systems 
by  virtue  of  its  capacity  to  inhibit  the  amidation  of  glutamic  acid  and 
transamination  reactions  in  genera,;  the  first  statement  of  mh-b,  ory  foeu 
is  based  on  the  complete  inactivity  of  methionine  sulfoxide  against  gluta 
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mine,  the  second  by  the  failure  of  ketoglutaric  acid  to  reverse  the  toxicity 
of  this  antimetabolite.  Another  metabolic  system,  namely  the  deamidation 
of  glutamine,  is  inhibited  by  the  alkylamides  of  glutamic  acid,  a  conclusion 
based  upon  the  fact  that  analogues  such  as  glutamylhydrazine  are  not  re¬ 
versed  by  glutamine. 

It  is  interesting  that  although  aspartic  acid  does  not  reverse  metabolite 
analogues  of  glutamic  acid,  for  example,  methionine  sulfoxide,  glutamic 
acid  does  reverse  such  aspartic  acid  displacers  as  cysteic  acid  and  hydroxy- 
aspartic  acid.  The  implication  is  that  glutamic  acid  formation  from  aspartic 
acid  via  transamination  reactions  must  be  prevented  by  the  inhibitors  or 
must  be  so  slow  as  to  be  critical. 

Two  aspartic  acid  metabolite  analogues  have  been  studied  in  some 
detail,  namely  cysteic  and  hydroxyaspartic  acids.  The  first  of  these,  cysteic 
acid,  functions  in  Escherichia  coli  systems  by  virtue  of  its  capacity  to  pre¬ 
vent  the  decarboxylation  of  aspartic  acid,  a  process  which  stops  /3-alanine 
formation  and  therefore  pantothenic  acid  synthesis.  Hydroxyaspartic  acid 
possesses  this  capacity  but  also  is  probably  a  general  inhibitor  of  trans¬ 
amination.  This  statement  is  based  upon  the  failure  of  either  /3-alanine  or 
pantothenic  acid  to  completely  reverse  the  inhibitory  effect  of  hydroxy¬ 
aspartic  acid.  Both  /3-alanine  and  pantothenic  acid  will  completely  reverse 
the  action  of  cysteic  acid.  One  confusing  aspect  of  the  study  of  cysteic  acid 
inhibition  is  the  marked  capacity  of  glutamic  contrasted  to  aspartic  acid  in 
the  nullification  of  toxicity. 

It  is  worthy  of  note  that  the  action  of  cysteic  acid  is  quite  specific,  be¬ 
cause  in  general  sulfonic  acid  analogues  are  nonspecific.  There  does  not 
seem  to  be  a  pattern  for  effective  metabolite  analogues  of  either  aspartic  or 
glutamic  acid.  Two  general  classifications  might  be  made:  those  with  y- 
carboxyl  modification  such  as  glutamylhydrazine  and  DL-N-(y-glutamyl)- 
ethylamine  and  Ihose  with  /1-carbon  change  to  hydroxyl  or  amino  groups 
lor  example,  meso-diaminosuccinic  acid,  hydroxyaspartic  acid,  and  «- 
hydroxyglutamic  acid.  This  is  only  a  rough  classification  and  it  must  be 
stated  that  no  distinction  can  be  made  between  the  types  from  the  stand- 
point  of  their  biological  action. 

menti0"  should  be  made  of  »>e  effect  of  penicillin  on  the 
passage  ot  glutamic  acid  across  the  cell  wall.  This  transport,  dependent 

upon  a  supply  of  energy,  is  inhibited  by  the  antibiotie.  It  has  been  suggested 

Taa  ,oSrUC  946°  a9f7r  f  t'  P°f  °f  “*»  °f  <*"-»>"  (Galf  and 
layior,  1*40,  1947).  A  similar  median  sm  might  be  associated  with  th  > 

ant, metabolite  action  of  any  senes  of  displacers. 
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Chapter  9 

ARGININE,  LYSINE,  AND  HISTIDINE  ANALOGUES 
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While  the  issue  is  debatable,  there  is  evidence  based  upon  the  relative 
constancy  of  arginine,  lysine,  and  histidine  content  of  proteins  which  in¬ 
dicates  that  the  basic  amino  acids  form  the  nucleus  of  all  proteins.  If  the 
hypothesis  is  correct,  displacers  for  these  amino  acids  might  initially  affect 
protein  synthesis.  In  any  event,  it  is  certain  that  the  protamines  which  char¬ 
acterize  sperm  cells  and  with  nucleic  acids  form  chromatin,  are  composed 
primarily  of  arginine,  histidine,  and  lysine.  While  the  other  two  basic  amino 
acids  vary,  arginine  is  always  present  in  protamines.  Another  point  of  inter¬ 
est  m  the  group  function  of  these  amino  acids  lies  in  the  fact  that  the  c- 
amino  group  of  lysine  is  free  in  proteins  and  subject  to  deamination. 

The  three  basic  amino  acids  are  listed  as  indispensable,  with  the  proviso 
that  histidine  is  not  required  for  nitrogen  balance  in  the  adult  human  and 
arginine  can  be  synthesized  in  the  rat  although  not  rapidly  enough  to  meet 
demands  for  growth.  Arginine  is  indispensable  in  the  chick. 


Arginine 

Isotopic  nitrogen  is  incorporated  into  arginine  in  the  guanido  group  only 

haV.0i  ustrT  "  aC'iVity  °f  'hiS  m°iety  in  urea  'option.  Th*e  folwlng 
chart  illustrates  react.ons  involved  in  the  Krebs  urea  cycle  in  the  liver.  ° 
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In  this  sequence,  aspartic  acid  is  the  ammonia  donor  for  the  citrulline  to 
arginine  reaction  which  is  catalyzed  by  ATP,  cytochrome  C,  and  Mg  ions. 

Arginine  forms  by  anaerobic  bacterial  action  ornithine  and  urea,  and 
the  former  is  decarboxylated  to  putrescine.  There  is  a  decarboxylase  for 
arginine  itself  and  its  cofactor  is  pyridoxal  phosphate. 

The  formation  of  guanidoacetic  acid  from  arginine  and  glycine  has  been 
reported;  subsequent  methylation  of  this  acid  yields  creatine  and  finally 
phosphocreatine  which  is  the  immediate  energy  source  for  muscular  con¬ 
traction. 

Just  as  phosphocreatine  plays  a  prime  role  in  vertebrate  muscle  contrac¬ 
tion,  so  phosphoarginine  assumes  this  part  in  the  invertebrate.  Arginine  is 
not  acted  upon  by  either  d-  or  L-amino  acid  oxidase. 

Considering  the  prime  composition  of  the  protamines  in  sperm,  it  is  not 
surprising  that  a  deficiency  of  this  amino  acid  in  the  human  being  inhibits 
spermatogenesis  even  though  a  negative  nitrogen  balance  was  not  observed. 
Therapeutically,  lysine  seems  to  be  of  little  value  in  oligospermia.  In  the 
rat  and  other  animals,  arginine  can  be  synthesized,  with  limitations.  It  is 
suggested  that  both  the  natural  and  unnatural  forms  of  this  amino  acid  may 

be  utilized,  but  this  has  not  been  established. 

The  bacterial  breakdown  products  of  arginine  include  agmatine  or- 
nithine,  carbon  dioxide,  water,  citrulline,  succinic  acid,  and  ,,-butylene 
glycol  Several  organisms  are  known  to  require  arginine  for  optimal  growth 
namely  Clostridium  sporogettes,  certain  lactic  acid  bacteria,  one  mutant  of 
Escherichia  coli,  and  Streptococcus  zymogenes.  Either  Lactobacillus  arabt- 
nosus  or  Lactobacillus  casei  is  used  in  the  quantitative  microbiological  de- 

termination  of  this  hexone  base. 

Lysine 

In  general,  the  amino  groups  of  this  amino  acid  “  ^ 

fleeted  in  a  failure  of  the  incorporation  of  isotopic  nitre  g  .  y 
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fact  the  only  amino  acid  which  fails  to  incorporate  cither  N15  or  deuterium. 
It  can  give  but  cannot  receive  amino  groups;  its  deamination  is  irreversible. 
It  follows  that  the  amino  acid  oxidases  do  not  utilize  lysine  as  substrate  and 
cannot  convert  the  D-form.  Furthermore,  a-aminocaproic  acid  cannot  re¬ 
place  lysine  in  the  diet  of  the  vertebrate,  an  observation  which  establishes 
the  fact  that  an  amino  group  cannot  be  attached  to  the  e-carbon.  The  only 
known  function  of  lysine  is  in  protein  formation. 

Lysine  is  oxidized  in  the  liver  to  a-aminoadipic  acid  which  is  in  turn 
converted  to  a-ketoadipic  acid  and  finally  to  glutaric  acid.  Deficiency  of  this 
factor  causes  growth  defects,  poor  reproduction,  and  an  anemia  in  animals. 
In  humans,  the  deficiency  state  is  characterized  by  negative  nitrogen  balance, 
weight  loss,  nausea,  dizziness,  and  hypersensitivity  to  metallic  sounds. 

Bacterial  decomposition  of  lysine  results  in  the  formation  of  e-amino- 
caproic  acid  and  cadaverine.  Some  lactic  acid  bacteria  and  Streptococcus 
zymogenes  require  lysine  for  optimal  growth.  Leuconostoc  mesenteroides  or 
a  Neurospora  mutant  is  used  in  the  quantitative  determination  of  this 
hexone  base. 


Histidine 


DL-ytf-4-Imidazolelactic  acid  and  imidazole  pyruvic  acid  replace  histidine 
in  deficient  diets,  indicating  that  animation  occurs.  Such  molecules  as 
methylimidazole,  hydroxymethylimidazole,  imidazolecarboxylic  acid,  (3 - 
imidazolepropionic  acid,  and  /3-imidazoleacrylic  acid  cannot  replace  histi¬ 
dine.  Isotopic  nitrogen  is  incorporated  into  histidine,  exclusively  into  the 
a-amino  group.  L-Amino  acid  oxidase  will  deaminate  L-histidine,  and  while 
this  amino  acid  accelerates  the  action  of  D-amino  acid  oxidase,  its  D-form 
will  not  serve  as  a  substrate.  This  is  not  in  keeping  with  numerous  reports 
on  the  availability  of  the  unnatural  form. 


Putrefactive  anaerobic  decomposition  of  histidine,  which  may  occur  in 
the  gut,  forms  histamine,  a  powerful  physiological  depressor,  implicated  in 
shock,  allergies,  etc.  The  general  path  of  metabolism  of  histidine  in  the 
animal  is  presented  schematically  on  p.  176. 

Two  natural  dipeptides  of  histidine  are  known.  Camosine,  a  combina¬ 
tion  of  /3-alamne  and  L-histidine,  is  found  in  muscle.  It  possesses  a  marked 
circulatory  depressor  action.  Another  such  peptide  is  anserine,  a  compound 
of  ^-a'amne  and  L-l-methylhistidine,  which  occurs  in  the  muscles  of  geese 

of  lh“u.fsMneyS' '  ®'Cal  h‘Stidine  dCriVatiVe  is  erS°lhi°neine,  the  betaine 


lacdcheacidafld^H  Pr?dUC'S  °f  his,idine  **  bacteria  ‘"dude:  /3-imidazole- 
'  C  acid  /i-imidazolepropiomc  acid,  /3-imidazoleacrylic  acid  histamine 
/3-imidazole  ethyl  alcohol  m  onH  mu  c  .  3  „  nisiamme, 

AinUtl  .  y  ,n01’  and  NH,.  Some  strains  of  Corynebacterium 
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Metabolite  Analogues  of  the  Hexone  Bases 

1.  Metabolite  Analogues  of  Arginine. 

2.  Metabolite  Analogues  of  Lysine. 

3.  Metabolite  Analogues  of  Histidine. 

4.  Recapitulation. 

Metabolite  Analogues  of  Arginine 

The  first  studies  of  metabolite  antagonism  in  this  category  were  designed 
to  ascertain  the  action  of  various  amino  acids  and  other  compounds  on 
arginase.  Ornithine  was  first  reported  to  inhibit  the  action  of  arginase 
(Gross,  1921).  Subsequently  cysteine  was  found  W  “ert  a  s.mila 
under  certain  conditions  (Salazkin  and  Solovev  1931,  1932).  " 

Edlbacher  and  Zeller  added  glycine,  alanine  and  lysine  t^’e.shthclat.er 
compounds  being  as  powerful  as  ornithine.  Then,  Kitagawa  found 

that  canaline  and  several  other  amino  acids  were  effective  inhibitors, 

most  active  compound  being  a-aminovalenc  acid.  ™  arginase 

of  arginase  by  all  of  the  naturally  “tier  than  the  a- 

““  X  proteins  .tn  'equation  was  developed  expressing 
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the  effect  of  varying  concentrations  of  an  inhibitor  amino  acid  when  the 
arginine  concentration  remained  fixed.  The  equation  is: 

_  I  —  a 

1  —  a 

I  is  the  concentration  of  the  inhibitor,  a  is  the  resultant  ‘‘fractional  activity, 
and  C  is  the  constant  which  is  characteristic  of  each  amino  acid.  By  apply¬ 
ing  this  equation  to  their  data,  they  found  that  they  were  dealing  with  two 
types  of  inhibitors,  the  first  being  the  monoamino  acids,  noncompetitive  in¬ 
hibitors,  and  the  second  the  diamino  acids  (ornithine  and  lysine),  com¬ 
petitive  inhibitors. 

L-Canavanine,  an  amino  acid  from  jack  beans,  is  subject  to  the  action  of 
arginase  (Damodaran  and  Narayanan,  1950),  is  nontoxic  to  mice  but  toxic 
to  dogs  at  levels  of  200  to  400  mg.  per  kilogram  of  body  weight  (Appel, 
1939)  and  is  a  potent  inhibitor  of  L-arginine  as  tested  on  growth  in  certain 
wild  strains  of  Neurospora  (Horowitz  and  Srb,  1948).  The  potency  of 
canavanine  is  reflected  in  the  concentration  necessary  to  stop  growth  in  a 

Table  I 


Metabolite  Analogues  of  the  Basic  Amino  Acids 


Compound 

Ac¬ 

tivity 

T est  System 

Comment 

Reference 

Arginine 

Ornithine 

+ 

Arginase 

Activity 

Gross,  1921;  Hunter 

and  Downs,  1945 

Cysteine 

+ 

44 

Activity, 

Salazkin  and  Solovev, 

probably 

1931 

nonspecific 

Natural  a-amino 
acids 

+ 

44 

44 

Edlbacher  and  Zeller, 

1932;  Hunter  and 

Downs,  1945 

Canaline 

+ 

44 

44 

Kitagawa,  1939 

ct-Aminovaleric 

+ 

44 

44 

acid 

Unnatural  forms 

44 

of  a-amino  acids 

Hunter  and  Downs, 

Urea 

44 

44 

1945 

/3-Alanine 

_ 

44 

44 

/3-Amino-n-butyric 

44 

acid 

5-Amino-n-valeric 

44 

acid 

44 

e-Amino-n-caproic 

44 

acid 

44 

Canavanine 

+ 

N eurospora 

Growth 

Horowitz  and  Srb. 

1948 
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Table  I — ( Continued ) 


Compound 

Ac¬ 

tivity 

T est  System 

Comment 

Reference 

Lysine 

Arginine 

+ 

Neurospora 

Growth 

Doermann,  1944 

a-Amino-e-hydroxy- 
caproic  acid 

+ 

Rats 

Growth  and 
anemia 

Gingras  et  al.,  1947 
Page  et  al.,  1947 

Homolysine 

Streptococcus 

hemolyticus 

Staphylococcus 

aureus 

Escherichia  coli 

Growth 

Harris  and  Work, 

1950 

£-4-Piperidyl- 

alanine 

ii 

tt 

«( 

2-(4'-Piperidyl)- 
1-aminopropio- 
nyl-DL-leucine 
methyl  ester 

+ 

(« 

2-(4'-Piperidyl)- 
1-aminopropio- 
nyl-p-amino- 
benzoic  acid 

a-Aminoadipic 

acid 

L-a-Amino-e- 

ureido-n-caproic 

acid 

+ 

U 

Bacteria 

Rat 

Bacteria 

«« 

Growth 

Growth 

Stevens  and  Ellman, 
1950 

(t 

DL-Piperidine-2- 
carboxylic  acid 

— 

Histidine 


Dopa 

+ 

Histidine  Inhibition 

decarboxylase 

«<  “ 

Werle,  1942 

Beiler  et  al..  1949 

/3-2-Thienylalanine 

+ 

c« 

3-Benzothiophene- 
a-aminopropi- 
onic  acid 

+ 

(« 

Imidazoleamino- 
methyl  sulfonic 
acid 

+ 

sensitive  Neurospora,  namely  5.55  X  10  “M.  In  general  the  specificity  was 
hi"h  but  in  one  strain  -lysine  reversed  the  action.  The  canavanme-argm.ne 
antagonism  is  of  the  competitive  type  with  a  metabohte/inh.bitor  ratio  of  3. 
Canavanine  is  therefore  one  of  the  most  powerful  metabolite  antagonists 
known  Horowitz  and  Srb  point  out  that  the  strains  of  Neurospora  used 
were^capablT o^ synthesizing  arginine  and  that  a  concentration  of  argimne 
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which  provides  good  growth  in  an  arginineless  mutant  did  not  counteract 
canavanine.  They  interpret  this  to  indicate  that  canavanine  does  not  inter¬ 
fere  with  arginine  synthesis.  While  it  is  indicative,  it  is  not  positive  proof 
of  this  point;  inhibition  of  the  synthesis  of  arginine  might  be  superimposed 
upon  an  ability  to  prevent  the  metabolism  or  function  of  lormed  arginine. 

Canavanine  is  not  only  a  growth  inhibitor  for  Neurospora  but  also  for 
various  strains  of  lactic  acid  bacteria  and  for  Escherichia  coli  (Volcani  and 
Snell,  1948).  With  these  bacteria,  the  specificity  was  100  per  cent;  lysine 
was  ineffective.  Furthermore,  the  inhibition  was  of  the  competitive  type  and 
occurred  whether  or  not  the  organisms  could  synthesize  arginine.  With 
bacteria  capable  of  utilizing  citrulline  and  ornithine,  these  agents  were  able 
to  reverse  the  action  of  canavanine.  Neither  canaline  nor  a-amino-8- 
hydroxyvaleric  acid  inhibited  utilization  of  ornithine  as  tested. 

Potential  applications  of  arginine  metabolite  analogues  in  chemotherapy 
are  indicated  by  the  capacity  of  arginine  to  antagonize  penicillin  when 
insensitive  Gram-negative  bacilli  are  used  as  test  organisms  (Shwartzman, 
1946),  and  to  counteract  sulfonamides  when  insensitive  streptococci  are 
used  (Gale,  1945). 


Metabolite  Analogues  of  Lysine 


Using  a  mutant  of  Neurospora  crassa,  Doermann  (1944)  observed  the 
specific  competitive  inhibition  of  arginine  for  lysine.  This  work  is  important 
because  it  represents  a  localization  of  the  genetic  development  of  sus¬ 
ceptibility  to  arginine  at  a  single  gene  of  the  first  chromosome.  It  brings  up 
the  interesting  potentiality  of  the  possible  action  of  metabolite  analogues  in 
inducing  genetic  modifications.  Such  phenomena  have  never  been  demon¬ 
strated  but  the  possibility  exists. 


The  second  member  of  the  series  of  lysine  metabolite  analogues  to  be 
reported  was  a-amino-t-hydroxycaproic  acid,  which  was  found  to  exert  a 
toxic  effect  in  rats  on  lysine  low  diets  as  reflected  in  body  weight  (Gingras 
et  al.,  1947)  and  in  the  production  of  anemia  (Page  et  al.,  1947).  It  is 
probable  that  this  analogue  may  be  present  in  deaminized  casein,  which  was 
shown  by  Hogan  et  al.  (1941)  to  produce  anemia  in  rats.  Lysine  did  not 
reverse  the  toxic  action  of  the  caproic  acid  derivative,  which  leaves  the 

question  of  displacement  open.  The  action  could  be  nonspecific  or  ir¬ 
reversible  as  studied. 

Several  series  of  molecules  have  been  tested  in  systems  which  would 
reveal  their  inhibitory  capacity  and  with  one  exception  none  of  the  mole¬ 
cules  was  very  active  (Stevens  and  Ellrnan,  1950;  Harris  and  Work  1950) 
e  exception  was  a  molecule  tested  by  Harris  and  Work,  2-(4'-piperidvl ) 

1 -am, noprop, omc  acid,  which  when  incorporated  in  a  peptide  linkage  with 
p-aminobenzotc  acid  or  OL-leucine  showed  a 
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NH-. 

I 

CH, 

i 

NH, 

1 

O 

CH, 

C=NH 

1 

CH., 

CH, 

NH 

CHo 

CH(NH ,) 

0 

i 

CH(NHo) 

COOH 

CH, 

COOH 

CH, 

i 

CH(NH,) 

Canaline 

a-Aminovaleric  acid 

COOH 

Canavaninc 

CH  -OH 

CH-NH, 

NH 

| 

1 

/  \ 

CHo 

1 

CH, 

i 

CH,  CH, 

CH-, 

| 

CH, 

CH.,  CH., 

V/ 

CH, 

CH, 

CH 

CH(NHo) 

CH, 

CH, 

COOH 

H— C— NH, 

CH(NH,) 

COOH 

COOH 

Amino-e-hydroxy- 
caproic  acid 

Homolysine 

^-4-Piperidyl- 

alanine 

[1  J—CH — CH(NH,)— COOH 

/^-2-Thienylalanine 

Fig.  1.  Metabolite  analogues  of  the  basic  amino  acids. 

Metabolite  Analogues  of  Histidine 

Histidine  which  is  the  precursor  of  a  very  important  pharmacological 
agent,  namely  histamine,  has  been  given  very  little  consideration  as  a  mode 
for  potentially  important  metabolite  analogues.  Wede  (1942)  in  his 
pioneering  work  on  histidine  decarboxylase  observed  the  inhibitory  elfcet 
of  dihydroxyphenylalanine,  epinephrine,  and  similar  compounds.  He  as- 
scribed  this  effect  to  the  presence  of  phenolic  hydroxyl  -n  die  vanous 

molecules  tested.  Certainly,  phenolic  compounds  do  inhibit  histidine  d 
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carboxylase  (Beiler  et  al.,  1949)  but  this  does  not  prove  the  absence  of  a 
more  specific  type  of  action.  Beiler  et  al.  (1949)  tested  several  analogues 
of  histidine  and  found  a  number  effective  (see  Table  I).  Of  these  (3-2- 
thienylalanine  most  closely  resembles  histidine  in  structure  and  it  was  the 
most  active.  It  is  seen  that  this  promising  field  has  been  quite  neglected. 


Recapitulation 


It  is  only  necessary  to  reflect  on  the  possible  molecular  structures  which 
might  well  possess  antiarginine  activity  to  realize  how  limited  have  been 
studies  in  this  field  to  date.  Investigations  of  canavanine  have  disclosed  that 
this  molecule  acts  as  a  substrate  for  arginase,  is  of  low  toxicity  and  yet 
functions  as  a  powerful  inhibitor  of  Neurospora  and  bacteria.  In  vivo 
studies  of  the  antibacterial  potency  of  this  molecule  have  not  been  made 
but  it  is  clear  that  it  typifies  a  compound  which  is  ideally  suited  to  chemo¬ 
therapy.  The  activity  of  a-aminovaleric  acid  as  an  inhibitor  of  arginine  in¬ 
dicates  a  tool  which  could  probably  be  used  to  ascertain  in  vivo  the  effect 
of  blockage  of  the  Krebs  urea  cycle.  Another  potentiality  would  be  the 
study  of  the  effect  of  metabolite  analogues  of  arginine  on  the  reproductive 
capacities  of  vertebrates.  It  is  known  that  deficiency  of  this  factor  inhibits 
spermatogenesis. 


The  competitive  antagonism  between  arginine  and  lysine,  a  common 
phenomenon  between  amino  acids,  suggests  as  a  theory  that  the  toxicity  of 
high  levels  of  any  amino  acid  may  not  be  due  to  an  action  of  the  toxic 
amino  acid  per  se  but  rather  to  its  displacement  of  some  structurally  related 
amino  acid  from  a  vital  enzyme  site.  Extension  of  work  along  these  lines 
should  prove  fruitful.  a-Amino-e-hydroxycaproic  acid  is  doubtless  a  direct 
metabolite  antagonist  of  lysine  but  the  point  has  not  been  established.  The 
metabolic  inertia  of  this  basic  amino  acid  should  make  it  a  profitable 
target  for  displacers  but  if  it  is  true  that  its  sole  function  is  protein  forma¬ 
tion,  such  studies  would  prove  relatively  unrewarding.  The  symptom  of 
hypersensitivity  to  metallic  sounds  manifested  in  lysine  deficient  patients 
might  wdl  form  a  clue  through  the  use  of  displacers  to  the  study  of  the  role 
played  by  this  hexone  base  in  nerve  physiology 

WW'e  the  inhibitory  action  of  dihydroxyphenylalanine  on  histidine  de- 
carboxylase  has  been  attributed  to  the  phenolic  hydroxyls  present,  it  seems 

Z  t0  WStidine  may  We"  view  of 

■  P  7  ^  2-thienylalanme  to  function  as  a  displacer  The  pharma 

S^rCd0t  rm'ne  diCtiUCS  'he  "*““>*  <*  ex*ensive  studies 

inhibitors  of  this  decarboxylase.  It  seems  logical  to  assume  that  effective 
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lation  on  molecular  modifications  which  might  lead  to  the  creation  of 
effective  metabolite  antagonists  of  histidine  is  not  in  order  but  it  is  certain 
that  dozens  of  displacers  await  discovery. 
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Chapter  10 

PROTEINS  AND  PROTEIN  ANTAGONISMS 


1.  Protein  Structure. 

2.  Immunological  Phenomena. 

3.  Interference  Phenomena  Among  Viruses. 

4.  Protein  Enzyme  Inhibitors. 

5.  Antagonisms  of  Protein  or  Polypeptide  Hormones. 

6.  Comment. 


Protein  Structure 

Any  review  of  proteins  must  logically  include  polypeptides,  particularly 
those  of  a  more  complex  nature,  as  these  units  are  formed  by  the  condensa¬ 
tion  of  amino  acids  or  by  the  hydrolysis  of  proteins  and  may  be  regarded  as 
intermediates  in  the  integration  and  disintegration  of  protein  macromole¬ 
cules.  The  structural  similarity  of  polypeptides  with  intact  protein  indicates 
the  potential  function  of  many  of  these  units  as  biological  antagonists  of 
their  more  complex  relatives.  In  the  American  classification  of  proteins, 
polypeptides  are  regarded  as  derived  proteins. 

In  this  classification,  in  addition  to  the  derived  proteins  there  are  two 
other  classes:  the  simple  proteins  and  the  conjugated  ones.  The  simple 
proteins  are  those  which  on  hydrolysis  yield  only  a-amino  acids;  the  conju¬ 
gated  contain  in  addition  to  the  amino  acids  a  nonprotein  unit,  i.e.,  the 
nucleic  acid  moiety  of  the  nucleoproteins,  the  carbohydrate  radical  of  the 
glycoproteins,  the  phosphoric  acid  of  the  phosphoproteins,  etc. 

The  potentialities  for  displacement  phenomena  are  legion  with  molecules 
of  such  complexity.  This  is  particularly  true  of  the  conjugated  proteins 
wherein  the  nonprotein  moiety  might  by  modification  easily  result  in  the 
creation  of  an  antagonist.  Knowledge  of  protein  structure  is  limited  but 
one  fact  dominates  the  entire  pattern  and  it  is  the  peptide  linkage.  To  be 

"rP',de  1,nkase  al°ne  is  n0t  adecluate  but  it  is  the  foundation  upon 
which  other  concepts  have  been  erected.  P 

Biological  antagonism  is  so  intimately  associated  with  protein  units  that 
an  insight  into  modern  thought  on  protein  structure  is  bound  to  Zoveof 

KosL  n  8961°':  °f  ahe  8e"eral  Phenonle"°"  of  antimetabolites. 

gests  ha  he  nn  lf°T  f tCd  3  Pr0tamine  Helens  hypothesis  which  sug¬ 
gests  that  the  nucleus  of  all  protems  is  composed  of  basic  amino  acids.  Ap- 
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proximately  20  years  later,  both  Abderhalden  and  Bergmann  introduced 
alternate  theories.  Abderhalden  (1923,  1924)  thought  of  proteins  as  con¬ 
stituted  of  cyclic  substituted  diketopiperazine  rings  held  together  by  sec¬ 
ondary  valence  forces.  His  position  was  challenged  by  Levene  and  Bass 
(1928,  1929)  who  through  studies  of  racemization  speeds  concluded  that 
the  odds  were  against  the  existence  of  any  diketopiperazine  units  in  casein. 
The  concept  of  Bergmann  (1924,  1925)  is  essentially  similar  to  that  of 
Abderhalden  except  in  its  emphasis  on  the  hydroxyamino  acids  and  their 
effect  on  the  protein  structure.  He  proposes  the  “iso”  and  the  “alio”  forms 
of  the  diketopiperazine  rings. 

Again,  Troensegaard  (1944)  offers  a  challenging  concept  based  upon 
the  supposed  existence  within  the  protein  of  pyrrole  rings.  Other  ring 
systems  within  the  structure  of  proteins  have  been  hypothetically  asserted; 
i.e.,  dihydropyrazine  rings  (Karrer  and  Granacher,  1924).  Finally,  the 
Wrinch  (1936,  1937)  proposal  of  a  “cyclol”  pattern  with  diazine  and 
triazine  hexagons  built  into  sheets  of  amino  acid  aggregates,  monomolec- 
ular  in  depth  and  polymolecular  in  breadth,  held  together  by  intermolecular 
attraction  has  been  well  received. 

While  no  general  theory  of  protein  structure  stands  accepted,  the  struc¬ 
tural  classifications  of  these  macromolecules  into  the  categories  of  fibrous 
and  globular  is  acknowledged.  Meyer  and  Mark  (1928)  from  studies  of 

CO— NH— CH— R' 

R— CH— NH— CO 

Diketopiperazine 

HO — C=N — C=CH — R' 

R— CH— N=C— OH 

“Iso”  form  of  a  diketopiperazine 


Polypeptide  chain  of  a  fibrous  protein 


Fig.  1.  Protein  structure. 
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x-ray  patterns  found  repetitions  spaced  at  7  A.  units,  which  as  indicated 
by  Gortner  and  Gortner  (1949)  is  roughly  two  times  the  skeletal  axis  of 
3.67  A.  units  reported  by  Corey  (1940)  for  a  single  amino  acid.  These 
facts  caused  Meyer  and  Mark  to  offer  as  the  structure  ol  the  fibrous  protein, 
silk  fibroin,  the  polypeptide  chain  shown  in  Fig.  1 .  Under  certain  condi¬ 
tions,  fibrous  proteins  of  the  keratin  type  can  be  converted  from  the 
a-keratin  to  the  ^-keratin  form  (Astbury  and  Street,  1931).  In  the  course 
of  this  transfer  the  protein  is  stretched  to  three  times  its  original  length.  It 
is  apparent  that  the  folded  main  chains  of  the  molecule  are  straightened  to 
a  degree  and  that  the  surface  characteristics  would  be  materially  altered. 
It  is  probable  that  proteins  existing  in  fibrous  and  globular  forms,  as  they 
do  in  muscle,  may  well  respond  differently  to  biological  antagonists.  The 
surface  structural  characteristics  offering  reaction  sites  in  one  form  will  not 
necessarily  present  these  same  sites  to  a  fixed  structural  unit  when  it  is 
transformed.  Thus,  reaction  sites  may  vary  with  the  functional  state  of  the 
protein  involved  whether  it  be  an  enzyme,  muscle  fiber  unit,  or  any  other 
biologically  significant  protein  unit. 

Vital  factors  in  surface  characteristics  would  be  the  R  substituents  in 
the  general  amino  acid  formulation,  R — CH(NH2) — COOH.  Furthermore, 
the  — NH —  and  the  — CO —  groupings  would  play  a  vital  role,  particu¬ 
larly  if  these  units  actually  form  the  basis  of  the  forces  of  attraction  be¬ 
tween  protein  layers  through  their  electronegative  and  electropositive 
nature. 

Little  is  known  of  the  structural  characteristics  of  the  globular  pro¬ 
teins  but  it  can  be  assumed  that  the  peptide  chains  must  be  bent,  folded, 

turned,  and  twisted  so  that  the  chains  lie  in  parallel  axes  in  three  dimen¬ 
sions. 


Another  point  of  tremendous  importance  to  the  concept  of  biological 
antagonism  is  the  theory  of  recurring  amino  acid  units  as  proposed  by 
Bergmann  (1938).  He  states  “Every  individual  amino  acid  residue  in  the 
peptide  chain  of  the  protein  molecule  recurs  at  constant  intervals  ...  in 
a  characteristic  and  periodic  manner  throughout  the  entire  polypeptide 
chain.”  Different  proteins  have  varying  individual  amino  acid  periodicity. 
It  is  not  improbable  that  the  distinctive  protein  feature  of  recurring  amino 
acid  patterns  will  form  the  basis  of  a  science  of  antagonism.  It  will  be  the 
su  ace  characteristics  of  the  protein  macromolecule  which  will  determine 
displacement  of  cofactors,  substrates,  and  of  every  phenomenon  of  anta*- 

shT  M  £  atl°n  StUdi£S  °f  Pr°tein  SUrface  structure  and  antimetabo  hes 
should  prove  most  rewarding. 

rr.  Faijthermore’  the  magnitude  of  potential  surface  structures  which  should 
rough  y  correspond  to  the  number  of  possible  proteins  gives  Tome  idea  If 

(^r^Mndicat^haUnt  *  '***?  antaSonism-  GOT‘"er  and  Conner 
d.cate  that  if  it  is  assumed  that  proteins  are  made  up  of  only 
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20  amino  acids,  each  amino  acid  present  only  once  in  a  single  chain,  the 
possible  number  of  permutations  would  be  24  X  1017. 

Immunological  Phenomena 

The  science  of  immunology  is  a  subdivision  of  the  science  of  biological 
antagonism.  Sevag  (1945)  in  his  treatise  “Immuno-Catalysis”  has  pre¬ 
sented  the  subject  from  that  standpoint.  It  is  his  contention  that  antigenic 
proteins  are  enzymatic  in  nature  and  that  the  product  of  their  activity  is  the 
specific  antibody.  The  function  of  the  specific  antibody  is  to  neutralize  the 
activity  of  the  antigen. 

To  Sevag,  enzymes  and  antigens  are  one  and  the  same,  a  group  of  bio¬ 
catalysts.  The  substrate  for  the  action  of  the  antigen  as  an  immuno-catalyst 
is  serum  globulin  and  the  antibody  is  a  modified  form  thereof. 

There  is  a  parallel  between  the  appearance  of  antibodies  and  the  increase 
in  serum  globulin  but  opinions  differ  as  to  the  nature  of  this  increase.  Liu 
et  al.  (1937)  contended  that  the  increase  was  partially  due  to  antibody  but 
Bjprneboe  (1939)  felt  that  the  entire  increase  was  a  reflection  of  antibody 
protein.  Sevag  (1945)  holds  that  while  there  is  a  general  parallel  between 
antibody  production  and  serum  globulin  levels,  at  least  a  portion  of  the 
increase  is  in  a  nonspecific  protein. 

The  antibodies  are  y-globulins  by  every  applicable  criterium  including 
molecular  weight,  sedimentation  rate,  electrophoretic  mobility,  isoelectric 
points,  etc.  Normal  and  antibody  globulins  have  been  analyzed  and  there 
is  no  detectable  difference  in  amino  acid  composition  or  total  nitrogen 

(Marrack,  1938). 

In  spite  of  the  apparent  chemical  identity  of  normal  and  antibody 
globulins,  they  are  serologically  distinct.  It  is  proposed  to  establish  the 
configurational  variation  responsible  for  the  immunological  characteristics 
as  reflected  in  various  phenomena.  One  point  of  importance  is  the  possi  e 
complete  synthesis  of  antibodies  from  amino  acids.  The  dynamic  state  ot 
proteins  does  however  offer  the  potentiality  that  configurational  modifica¬ 
tions  might  be  introduced  under  the  proper  stimulus  without  resort  to  com- 

plete  de  novo  synthesis.  .  x 

The  method  of  formation  of  the  antibody  is  of  great  importance  to  a 

understanding  of  biological  antagonism,  as  it  represents  «  ™*t“ce  ” 
which  a  molecular  unit  catalytically  produces  a  substance  which  the 
logical  antagonist  of  the  catalyst.  Pauling  (1940)  has  offered  a  c  P 
based  upon  "the  folding  of  the  polypeptide  chain  of  the  antibody  Pr«uri 
in  the  presence  of  the' antigenic  molecule.  The  formed  anflbody  w  then 
possess  a  configuration  complementary  to  the  ant, gem  The  b,o to  caUorce 
at  work  would  be  the  ordinary  short-range  forces  known  to  exist 

“T'is  "  by  Pauling  that  certain  proteins,  such  as  trypsin  and 
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hemoglobin,  lose  their  specific  properties  under  the  action  of  denaturating 
agents,  and  subsequently  regain  their  biological  activity.  He  interprets  this 
as  an  indication  that  the  molecule  recoils  to  its  normal,  stable  configura¬ 
tion. 

The  substrate  for  the  action  of  the  antigen  is  the  y-globulin  which  is  as¬ 
sumed  to  possess  a  polypeptide  chain  capable  of  folding  in  a  number  of  alter¬ 
nate  ways.  When  the  polypeptide  is  synthesized  in  the  cell,  in  the  absence 
of  the  antigen,  it  will  coil  to  form  the  normal  y-globulin.  In  the  presence 
of  the  antigen,  the  conditions  within  the  cells  are  such  as  to  cause  the 
folding  of  the  chain  into  a  form  stable  by  virtue  of  the  presence  of  the 
antigen. 

The  basis  for  the  contention  that  short-range  forces  were  primarily 
responsible  for  the  building  of  antibody  molecules  was  based  upon  the  work 
of  Landsteiner  (1947),  Haurowitz  (1942),  Pressman  et  al.  (1948),  and 
others  using  antigens  prepared  by  conjugating  chemically  a  hapten  with 
a  protein  molecule.  Using  these  artificial  antigens,  antisera  could  be  pre¬ 
pared  and  cross-reactions  studied.  Moreover,  the  capacity  of  the  low 
molecular  weight  hapten  to  interfere  with  the  precipitation  of  the  antibody 
and  the  hapten  conjugated  antigen,  discovered  by  Landsteiner,  was  inter¬ 
preted  by  Pressman  et  al.  (1948)  as  due  to  competition  between  hapten 
and  hapten  conjugated  antigen  for  the  complementary  sites  on  the  anti¬ 
body.  This  is  another  manifestation  of  biological  antagonism. 

Landsteiner  (1920)  observed  that  the  formation  of  a  precipitate  by 
atoxyl-azo-protein  and  antiserum  was  prevented  by  the  addition  of  an 
excess  of  relatively  simple  substances  containing  atoxvl.  i.e..  diazotized 


^Ul  C11CCI. 


,  and  other  amino  acids  were  with- 
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Immunological  Phenomena 


189 


Later,  Snapper  and  Grunbaum  (1936)  extended  these  observations  and 
reported  that  all  aromatic  compounds  containing  the  grouping 


HO— C 


/ 


C— 


c= 


were  inhibitory.  Thyroxine  was  inhibitory,  thyronine  was  not. 

This  interference  phenomenon  involving  simple  haptens  is  one  of  the 
most  extensively  studied  of  all  displacement  reactions.  Furthermore,  it  is 
so  closely  related  to  the  basic  protein  structures  which  underlie  most  bio¬ 
logical  forces  and  antagonisms  that  it  should  logically  provide  understand¬ 
ing  of  phenomena  not  yet  elucidated  in  regard  to  other  aspects  of  metabolite 
displacements  and  biological  antagonism. 

Another  example  ot  this  inhibition  by  simple  haptens  was  provided  by 
Landsteiner  and  van  der  Scheer  (1931)  who  found  that  the  reaction  be¬ 
tween  p-aminobenzenearsonic  acid  antibody  and  the  homologous  antiRen 
was  blocked  by  p-aminobenzenearsonic  acid,  o-aminobenzenearsonic  acid, 
and  3-chloro-4-aminobenzenearsonic  acid.  In  this  same  paper,  they  de¬ 
scribed  the  blockage  of  precipitate  formation  between  o-aminobenzoic 
acid  antibody  and  the  homologous  antigen  by  benzoic  acid,  by  benzoic  acid 

substituted  either  in  the  o-  or  m-position  with  — CH?  — Cl  Br  or NO  • 

by  thiophenecarboxylic  acid;  naphthoic  acid;  and  cyclo’hexanecarboxylic 
acid.  Some  interference  was  even  obtained  with  fatty  acids,  specifically 
caproic  and  heptylic  acids.  P  y 

In  the  case  of  the  pyrazolone  compounds  Erlenmeyer  and  Ber°er  (1934) 
found  that  the  position  of  the  double  bond  affected  specificity.  The  antigen 

no™l  ywfn,Zedf  '  ~Phen^"2’^"d'mcthy,-4"aiT1ino-5-pyrazol0ne  laid 

tr e  bond -  - -  ^  ssess 

nism^CefLtgiiVsy^mr'tr5  "  ‘ a"‘aS°- 

tized  protein  couples  would  show  th-Till011  Poss,ble  °f  diazo- 

matic  reactions  would  be  so  in  si  ml  h'  ^  an^omstic  in  enzy- 

unfortunate  that  to  date  no  exoeril  '  h  ™  ‘"terference  phenomena.  It  is 

gens  were  created  using  ff-2-Men^llT  ^  f"  rep°rted  in  which  ami- 

block  the  precipitation  reaction  by  the  uslfl a“empt  was  made  *o 

n  ny  the  use  of  phenylalanine,  tyrosine,  and 
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Fig.  3.  Simple  hapten  inhibitors  of  antigen-antibody  reactions. 


similar  molecules.  This  is  only  a  single  example  of  an  approach  to  the  prob¬ 
lem  of  biological  antagonism  which  could  be  extended  to  studies  with  all 
systems  wherein  one  member  could  be  coupled  through  diazotization  with 
a  protein. 

The  importance  of  this  hapten  interference  mechanism  makes  pertinent 
a  review  of  other  examples.  One  of  these,  important  in  the  study  of  protein 
specificity,  was  made  with  peptides  as  hapten  units  (Landsteiner  and  van 
der  Scheer,  1932).  The  reaction  of  antigen  prepared  with  p-aminobenzoyl- 
glycyl-leucine  and  its  antibody  was  inhibited  by  p-aminobenzoyl-glycyl- 
leucine  and  p-aminobenzoyl-leucyl-leucine,  but  not  to  any  degree  by  the 
corresponding  glycyl-glycine  or  leucyl-glycine  compounds.  Landsteiner  and 
van  der  Scheer  (1934)  from  studies  on  similar  systems  with  peptides  con- 
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taining  up  to  five  units  concluded  that  the  predominant  effect  is  that  of  the 
terminal  amino  acid.  The  nature,  order,  and  number  of  the  other  non¬ 
terminal  amino  acids  is  of  comparatively  little  importance. 

The  effect  of  spatial  configuration  upon  the  hapten  blockage  phenomena 
was  determined  by  Landsteiner  and  van  der  Scheer  ( 192S)  in  their  experi¬ 
ments  with  phenyl-(p-aminobenzoylamino) -acetic  acids.  Some  overlapping 
of  the  hapten  blockage  phenomena  occurred.  Later,  these  investigators 
(Landsteiner  and  van  der  Scheer,  1929)  used  the  optical  isomers  of  tartaric 
acid  in  similar  researches  by  forming  the  tartranilic  acids  and  coupling  these 
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units  with  protein.  The  meso  form  gave  evidence  of  greater  specificity 
than  the  d-  or  L-isomers  with  which  overlap  was  significant.  The  optical 
isomers  of  malic  acid  were  active  in  the  system  under  study,  the  specificity 
being  relative  and  directed  toward  the  corresponding  tartaric  acid  molecule. 

Furthermore,  the  cis  but  not  the  trans-compounds  of  derivatives  of 
maleic,  citraconic,  fumaric,  and  mesaconic  acids  exhibit  the  inhibition 
reaction  with  the  antigen  and  antisera  prepared  from  p-aminosuccinanilic 
acid  (Landsteiner  and  van  der  Scheer,  1934a). 

These  studies  correlate  rather  well  with  direct  displacement  work.  With 
succinic  dehydrogenase  as  the  test  system,  malonic  acid  displaces  succinic. 
The  malonate  inhibition  can  be  reversed  by  fumaric  acid  in  the  pyruvate 
oxidation  system.  Under  other  conditions,  malic,  fumaric,  and  oxalacetic 
acids  can  act  as  antagonists  of  succinic  acid  (see  Chapter  1).  This  tends 
to  substantiate  the  position  that  simple  hapten  blockage  studies  may  well 
represent  an  excellent  tool  for  the  development  of  new  metabolite  antago¬ 
nists. 

Another  type  of  simple  hapten  study  which  can  be  correlated  to  some 
degree  with  direct  enzymatic  displacement  studies  centers  around  the  mono¬ 
saccharides.  p-Aminophenol-/5-glucoside  and  p-aminophenol-/5-galactoside 
were  coupled  with  proteins  and  used  as  antigens  (Avery  and  Goebel, 
1929).  The  precipitation  reaction  was  inhibited  by  the  corresponding  ho¬ 
mologous  hexose  but  not  by  the  heterologous  hexose.  The  work  of  Woolf, 
Marrack,  and  Downie  (1936)  again  shows  the  displacement  specificity 
of  carbohydrates  and  their  derivatives.  They  found  that  euxanthic  acid  (a 
glucuronic  acid  compound)  attached  to  a  protein  precipitates  with  Type  II 
antipneumococcal  serum.  This  reaction  is  blocked  by  glucuronic  acid  but 
not  by  galacturonic  nor  mannuronic  acid.  The  a-  and  /5-glucosides  used  in 
similar  studies  (Avery  et  al.,  1932)  did  not  manifest  the  same  degree  of 
specificity.  The  precipitate  formation  by  an  antibody  and  a  homologous 
antigen  was  blocked  by  the  homologous  glucoside  but  the  cross-reaction 
was  blocked  by  both  the  homologous  and  the  heterologous  glucoside. 

A  parallel  phenomenon  has  been  recorded  (Kuhn,  1923)  which  indi¬ 
cates  the  inhibition  of  /5-h-fructosidase  by  fructose  and  /5-glucose  but  not 
by  a-glucose;  and  the  blockage  of  taka  saccharase  by  a-glucose  and  not  by 
/5-glucose  nor  fructose.  Chapter  1  reviews  similar  observations  in  this  class. 
Once  again,  the  correlation  between  displacement  phenomena  as  seen  with 
enzymes  and  the  simple  hapten  precipitation  inhibition  reaction  is  clear. 

Goebel  et  al.  ( 1934)  have  used  a  series  of  disaccharides  in  these  simple 
hapten  inhibition  studies.  Maltose,  cellobiose,  and  gentiobiose  were  used. 
The  results  indicated  that  the  terminal  hexose  had  the  dominant  effect,  al¬ 
though  the  stereochemistry  of  the  bond  between  the  hexoses  was  important. 
In  the  same  year  this  group  (Goebel  et  al.,  1934a)  reported  that  modifica¬ 
tion  of  the  carbohydrate  in  such  antigens  altered  specificity  reactions. 
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Fig.  5.  Simple  hapten  inhibitors  of  antigen-antibody  reactions. 

Inasmuch  as  there  is  a  direct  correlation  between  enzymatic  inhibition 
by  structurally  similar  molecules  and  the  simple  hapten  blockage  phe¬ 
nomena,  it  is  of  exceptional  interest  to  note  that  the  same  factors  seem 
operatwe  m  the  specific  selection  of  molecules  for  incorporation  into 
crystals.  Erlenmeyer  and  Berger  (1932)  initially  made  record  of  this  fact 

'rr  °f  7'eCU,les  into  crystals  ^  a  more  specific  phenomenon 
an  that  of  immunological  cross-reactions  and  interference.  There  are 

.mpes  o  antigen  cross-reactions  between  molecular  species  which  can- 
not  replace  each  other  in  crystals 

interference  system  (uS!^  ^927^ 

-  Oo,  „J3; ,  rrs,;l,l;r 

meyer,  1933).  veneer,  1931,  Berger  and  Erlen- 
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The  findings  with  the  benzene,  thiophene,  and  furan  rings  are  of  interest 
in  view  of  the  studies  on  replacement  of  these  rings  in  modifications  of 
metabolites  and  the  resultant  displacement  power.  As  an  example,  p- 2- 
thienylalanine  and  /?-2-furylalanine  are  effective  antagonists  of  phenylala¬ 
nine  in  bacterial  systems  (duVigneaud  et  al.,  1945;  Herz  et  al.,  1947)-  11 
is  not  improbable  that  molecules  forming  mixed  crystals  will  make  displac¬ 
ing  agents  for  each  other  in  biological  systems.  This  would  certainly  be  a 
simple  and  rather  neat  correlation  of  a  purely  physical  phenomenon  with 

one  of  biological  nature.  . 

While  there  are  a  limited  number  of  instances  currently  known  in  which 

mixed  crystal  formers,  simple  hapten  blockade  molecules,  and  enzymatic 
inhibitors  perform  in  each  sphere,  there  are  additional  examples  of  h 
occurrence  of  the  first  two  as  related  interaction  systems.  The  isomoiphism 
of  the  salts  of  phosphoric  and  arsenic  acids  and  the  dissimi  arity  o  an 
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monic  acid  are  reflected  in  the  cross-reaction  and  inhibition  phenomena 
seen  when  p-aminophenylarsenic(arsanilic  acid),  p-aminophenylphosphoric 
(phosphanilic  acid),  and  p-aminophenylantimomc  acids  are  used  as  de¬ 
terminant  groups  (Erlenmeyer  and  Berger,  1932a).  Again,  suit  uric  and 
selenic  acids  are  isomorphous  and  the  reaction  of  p-aminophenylsulfonic 
acid  antigen  with  its  antibody  is  blocked  by  both  benzene  sulfonic  acid  and 
benzene  selenic  acid  (Erlenmeyer  and  Berger,  1933).  In  this  latter  instance, 
there  is  a  rough  correlation  with  the  observations  of  Green  and  Bielschow- 
sky  (1942)  who  found  that  in  general  the  substitution  of  sulfur  by  selenium 
or  tellurium  results  in  compounds  whose  antibacterial  properties  are  related 
to  those  of  the  corresponding  sulfur  molecules. 

Beyond  question,  the  studies  carried  out  with  the  simple  hapten  inhibition 
phenomena  and  cross-reactions  in  immunological  systems  offer  detailed 
information  applicable  to  the  entire  field  of  biological  antagonism. 


Lecithinases 

Just  as  there  are  antigens  functioning  enzymatically  (Sevag,  1945)  so 
there  are  enzymes  which  are  known  toxins.  Lecithinase  A  is  a  constituent 
of  venoms  with  the  capacity  for  the  conversion  of  lecithin  to  lysolecithin, 
the  lytic  agent  for  red  cells.  Lecithinase  B  acts  on  lysolecithin  to  form  stearic 
acid  and  glycerophosphoric  ester.  The  products  of  the  action  of  this  enzyme 
are  not  toxic  in  any  manner.  Here  then  is  an  example  of  one  enzyme  antago¬ 
nizing  the  toxic  action  of  another  by  utilizing  as  substrate  the  toxic  product 
of  the  action  of  the  first  enzyme. 

The  alpha  toxin  of  Clostridium  welchii  has  been  found  to  be  an  enzyme 
which  hydrolyzes  lecithin  (Macfarlane  and  Knight,  1941);  a  lecithinase. 
There  is  in  general  a  correlation  between  the  production  of  this  enzyme 
and  the  virulence  of  the  organism  (Evans,  1945;  Kass  et  al.,  1945).  Evans 
(1945)  has  indicated  this  lecithinase  is  mainly  responsible  for  the  toxic 
manifestations  of  gas  gangrene. 

The  investigations  which  followed  the  identification  of  toxin  and  enzyme 
have  brought  pathology  into  the  realm  of  enzymology,  and  immunology 
clearly  into  the  sphere  of  biological  antagonism.  Zamecnik  et  al.  (1945) 
interpreted  the  effects  of  a  bacterial  toxin  on  tissues  in  terms  of  its  enzy¬ 
matic  activity.  Later,  this  same  group,  having  developed  a  manometric 
method  for  measuring  the  activity  of  the  Clostridium  welchii  lecithinase 
(Zamecnik  et  al.,  1947),  determined  the  antagonistic  power  of  phosphatidyl 
serine  and  phosphatidyl  ethanolamine  (Fig.  7)  against  the  enzymatic 
hydrolysis  of  lecithin.  A  fraction  of  the  inhibitory  effect  of  phosphatidyl 

nT  ^L?nr  !;  by  ‘heSe  workers  to  calci«m  chelation.  Davis  and 
Dubos  (1946)  had  reported  the  blocking  power  of  ox  brain  cerebrosides 

p  ingomyelin,  and  a  sorbitol-mannitol-oleic  acid  ester  for  this  lecithinase 

The  next  step  in  the  development  of  this  demonstration  of  the  enzymatic 
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Fig.  7.  Inhibitors  and  substrate  for  Clostridium  welchii  lecithinase. 
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nature  of  toxins  was  the  establishment  by  Macfarlane  and  Knight  ( 1 941 ) 
of  the  capacity  of  antibody  to  block  the  enzymatic  activity  of  the  toxin. 
From  this,  Zamecnik  and  Lipmann  (1947)  concluded  that  the  antibody 
and  lecithin  must  react  with  analogous  regions  of  the  lecithinase-toxin  mole¬ 
cule  and  that  competitive  phenomena  should  be  demonstrable.  They  were 
able  to  prove  that  lecithin  prevents  antitoxin  from  combining  with  toxin- 
lecithinase.  In  their  experiments,  if  they  first  exposed  the  lecithinase  to  its 
substrate,  lecithin,  and  then  added  the  antitoxin,  the  enzymatic  reaction 
continued  but  was  slowly  decelerated.  By  contrast,  if  the  toxin-lecithinase 
was  first  brought  into  contact  with  the  antitoxin,  the  reaction  was  com¬ 
pletely  blocked.  Finally,  if  the  lecithinase  were  exposed  to  both  lecithin 
and  antitoxin  simultaneously  the  enzymatic  process  proceeded  at  a  frac¬ 
tional  rate  but  decreased  with  time  elapsed.  In  relation  to  clinical  observa¬ 
tions,  Zamecnik  and  Lipmann  point  out  the  ineffectiveness  of  the  late  ad¬ 
ministration  of  Clostridium  welchii  antitoxin,  which  would  correlate  well 
with  the  probable  prior  combination  of  the  lecithinase  with  its  normal 
substrate  and  the  difficulty  of  displacement  of  the  substrate  by  the  antitoxin. 

The  fact  that  the  lecithin  and  antitoxin  relationship  exists  with  the  leci¬ 
thinase  of  rattlesnake  venom  has  been  demonstrated  (Zamecnik  and  Lip¬ 
mann,  1947)  and  found  to  differ  quantitatively  but  not  qualitatively  from 
that  for  Clostridium  welchii  lecithinase.  Other  lecithinases  have  been  dis¬ 
covered  in  Clostridium  oedematicus  (Macfarlane,  1948)  and  in  Clostridium 
sordellii.  It  would  appear  therefore  that  the  substrate  and  antibody  system 
is  general  in  nature  but  even  if  restricted  to  the  lecithinases  would  be  ap¬ 
plicable  to  many  pathogenic  bacteria. 


Hemagglutinin 


Hemophilus  pertussis  is  capable  of  agglutinating  erythrocytes  of  various 
species  (Keogh,  North,  and  Warburton,  1947)  and  attempts  at  elucidation 
of  the  basic  mechanism  have  revealed  much  of  fundamental  interest  to  the 
general  study  of  biological  antagonism.  The  hemagglutination  by  Hemoph¬ 
ilus  pertussis  resembles  that  caused  by  viruses  of  the  influenza  group  indi¬ 
cating  a  similarity  between  the  viral  and  bacterial  immunological’  phe- 
nomena  in  a  limited  sense. 


n  948,  Fisher  discovered  the  ability  of  ether  and  acetone  extracts  of 
uman  red  cells  to  inhibit  the  hemagglutinating  action  of  Hemophilus  per- 

'“T  *upernatants>  and  the  following  year  he  identified  the  active  principle 
cholesterol.  It  is  probable  therefore  that  the  receptor  site  for  the  hemag- 
g  utinin  molecule  is  the  cholesterol  contained  in  the  red  cell  surface  In  his 
experiments,  Fisher  found  cholesterol,  ergosterol,  calciferol,  and  corn  germ 
sterol  (assumed  to  be  stigmasterol)  active  inhibitors,  while  androsterone 
Chohc  acid,  desoxycholic  acid,  7-ketocholes,erol  acetate,  and  ehoS 
palmitate  and  oleate  were  inactive.  The  active  sterols  differed  from  the  in- 
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active  ones  in  that  they  had  a  free  hydroxyl  group  at  C3,  double  bond 
between  C5  and  C6,  and  possessed  a  side  chain. 

With  these  findings  under  consideration,  Fisher  then  determined  the 
ability  of  these  sterols  to  inhibit  the  hemolytic  action  of  digitonin.  Ponder 
(1945)  had  shown  that  the  active  point  of  digitonin  fixation  in  the  steroid 
molecule  was  the  C3-C5-C6  region  and  Fisher  found  that  the  same  sterol 
units  which  prevented  hemagglutination  were  effective  inhibitors  of  he¬ 
molysis  by  digitonin. 

As  previously  mentioned  the  hemagglutination  by  influenza  virus  re¬ 
sembles  that  by  Hemophilus  pertussis  supernatant.  From  the  inhibition 
standpoint,  however,  the  two  are  quite  different.  For  example,  the  steroid 
inhibitors  of  the  Hemophilus  pertussis  hemagglutination  are  ineffective 
against  that  of  influenza  virus  and  conversely  the  ovarian  cyst  polysaccha¬ 
ride  which  inhibits  the  virus  hemagglutination  is  inactive  against  the  pertus¬ 
sis  reaction  (Fisher,  1948).  Again,  erythrocytes  treated  with  the  receptor 
destroying  enzyme  of  Vibrio  comma  remain  agglutinable  by  pertussis  super¬ 
natant  but  not  by  that  of  influenza  virus. 


Influenza  Virus 


Hirst  (1942)  from  his  studies  of  influenza  virus  adsorption  on  red  cells 
concluded  that  the  reaction  between  the  virus  agglutinin  and  the  receptor 
at  the  cell  surface  was  that  of  an  enzyme-substrate  interaction,  and  that  the 
enzyme  possessed  by  the  virus  changed  the  properties  of  the  cell  receptor 
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Fig.  8.  Sterols  tested  as  inhibitors  of  pertussis  hemagglutinin. 
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substanoe.  This  conclusion  was  based  upon  his  observation  that  following 

chantrt  "d  co  MV‘rU^  fr°m  **  CC'‘  SUrfaCe’  the  red  Ce"  was  ^vers.bly 
an&ed  and  could  no  longer  adsorb  virus  particles 

Following  Hirst’s  report,  a  series  of  papers  appeared  recording  the  power 

of  normal  human  serum  to  inhibit  hemagglutination  by  heated  influenza 

r  (rrriS’  947 ’’  ,he  abilily  of  mucoProtein  from  human  serum  and 
o  a  purified  mucopolysaccharide  from  ovarian  cyst  fluid  to  function  in  the 

same  manner  (McCrea,  1948),  and  finally  the  capacity  of  a  polysaccharide 
fraction  from  human  red  cells  (Hirst,  1948)  to  block  the  reaction.  These 
agents  all  represent  substrate  or  enzyme  displacers.  It  is  probable  that  those 
of  purely  polysaccharide  nature  are  substrate  displacers  and  that  those  of 
protein  nature  such  as  the  ovomucin  inhibitor  derived  from  hen  egg  white 
(Gottschalk  and  Lind,  1949)  are  enzyme  displacers.  The  power  of  the 
ovomucin  to  inhibit  the  reaction  is  destroyed  or  reduced  by  influenza  virus, 
by  the  receptor  destroying  enzyme  of  Vibrio  comma  and  by  trypsin.  The 
implication  is  that  the  enzyme  of  the  virus  may  well  be  proteolytic  in  nature. 
Its  substrate  would  be  a  protein  with  a  polysaccharide  hapten  as  determi¬ 
nant  grouping. 


If  the  hapten  of  the  protein  substrate  is  a  polysaccharide,  then  it  is  to 
be  anticipated  that  the  polysaccharide  itself  would  act  directly  on  the  virus 
inasmuch  as  the  enzymatic  composition  of  any  unit  of  living  matter  must 
be  associated  with  the  vitality  of  that  particle.  The  observations  of  Green 
and  Woolley  (1947)  fit  into  this  pattern.  They  found  that  the  complex 
carbohydrates  from  apple  pectin,  citrus  pectin,  flaxseed  mucilage,  blood 
group  A  substance,  gum  acacia,  and  gum  myrrh,  as  well  as  an  extract  of 
chicken  red  blood  cells,  inhibited  the  agglutination  reaction  of  chicken  red 
cells  and  influenza  A  virus.  The  action  of  apple  pectin  also  inhibited  the 
multiplication  of  influenza  A  virus  in  embryonated  eggs.  These  investigators 
interpreted  their  findings  as  a  manifestation  of  competition  between  struc¬ 
turally  similar  substances.  While  they  point  out  that  displacement  may  not 
underlie  all  of  the  observed  phenomena,  it  is  equally  true  that  none  of  their 
discoveries  lies  outside  of  the  pattern  of  biological  antagonism.  For  ex¬ 
ample,  alginic  acid  was  relatively  inactive  as  inhibitor  of  both  virus  multi¬ 
plication  and  hemagglutination  reaction.  On  the  other  hand,  the  fact  that 
some  of  their  hemagglutination  inhibiting  carbohydrates  (citrus  pectin)  did 
not  reduce  multiplication  of  virus  can  be  interpreted  as  a  manifestation 
of  minor  but  significant  reaction  site  structure  differences  on  the  red  cell 
surface  carbohydrate  and  on  that  of  the  normal  internal  virus  substrate. 
None  of  the  simple  carbohydrates,  i.e.,  galactose,  galacturonic  acid,  etc., 
possessed  the  power  of  inhibiting  the  hemagglutination  reaction. 

This  path  to  possible  chemotherapeutic  agents  differs  in  no  way  from  the 
usual  approach  to  the  creation  of  new  antibacterial  or  antiviral  agents 
through  the  use  of  molecules  capable  of  interfering  with  their  normal 
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metabolism,  except  in  the  fact  that  here  the  substrate  is  macromolecular. 

Study  of  the  effect  of  polysaccharides  on  Escherichia  coli  phage  led 
Maurer  and  Woolley  (1948)  to  the  finding  that  while  these  agents  were 
neither  bactericidal  nor  virucidal,  they  did  prevent  the  attachment  of  the 
virus  to  the  cell.  The  bacterial  cells  were  protected  from  the  lytic  action  of 
the  phage  by  citrus  pectin  but  not  by  gum  acacia,  starch,  and  other  poly¬ 
saccharides. 

In  further  studies,  Woolley  (1949)  demonstrated  a  substance  in  erythro¬ 
cytes  which  antagonized  the  inhibiting  effect  of  apple  pectin  on  influenza 
virus  hemagglutination.  This  can  be  interpreted  as  a  manifestation  of  com¬ 
petitive  antagonism  in  the  sense  that  the  substance  isolated  may  have  been 
identical  with  or  similar  to  the  polysaccharide  contained  in  the  surface  of 
the  red  cell  with  which  the  virus  normally  reacted,  and  the  result  was  that 
of  added  substrate  overcoming  the  blocking  action  of  substrate  displacer. 

Again,  Ginsberg  et  al.  (1948)  have  isolated  from  type-specific  Fried- 
lander  bacilli  a  polysaccharide  capable  of  inhibiting  the  multiplication  of 
the  mumps  virus  in  the  allantoic  sac  of  the  chick  embryo.  They  established 
the  nonidentity  of  the  polysaccharide  conferring  type  specificity  on  the 
bacterium  and  that  causing  inhibition  of  the  mumps  virus.  As  in  the  studies 
of  Green  and  Woolley  (1947),  this  group  found  that  polysaccharides  which 
cause  inhibition  of  the  multiplication  of  virus  may  or  may  not  interfere  with 
the  inhibition  of  hemagglutination  phenomena.  The  same  variation  in  poly¬ 
saccharide  activity  was  seen  in  studies  of  virus  adsorption  by  erythrocytes 

Recently,  Ashenburg  et  al.  (1950)  have  concluded  that  nonspecific  in- 
ibition  ot  bactenophagy  by  bacterial  and  nonbacterial  polysaccharides  is 
not  necessarily  contrary  to  the  theory  that  susceptibility  to  lysis  is  related 
to  antigenic  structure.  All  of  the  polysaccharides  they  tested,  including 

caDsuh|’ar8h“,f ST  arau'C’-  and  Cer,a'n  homo'°Sous  and  heterologous 
oipsular  bacterial  polysaccharides,  inhibited  the  lytic  action  of  the  pha°e 

“•  -  -  ******  -  - x 

Ginsberg  and  Horsfall  (1949)  offered  four  potentialities  in  exolanation 

momht'" The'c"  r>l  nU|'”ps  virus  by  the  polysaccharide  of  Klebsiella  pneu- 

-eTetse^,^  h  yv IT;  ( ' >  "proc- 

front  the  ceil  after  ntuitipi’ication  ^Ti  ZtZ'oUb! ’  ^ 

Actually,  all  of  these  seem  vas'°n  of  the  cell  by  the  virus. 

of  the  bacterial  cell  is  associated  w'th  general  pattern.  Permeability 

and  the  degree  of  polymerization  of  th  CnZyiT!allC  actIV,ty  of  hyaluronidase 

acid.  Any  modification"^ L mel t f  mplfX  Polysa<*haride,  hyaluronic 

ride  function  in  the  surface  st  f  * 1  ^  ePendent  as  it  is  upon  polysaccha- 

-ses.  Contact'of'phage'canie^enTv  W0U  doubdess  modify  all  four  proc- 

a  similar  manner  Permeabiliw  27  W"h  ,substrate  would  be  altered  in 

ermeability  modification  ,s  a  phenomenon  which  must 
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be  taken  into  consideration  in  the  interpretation  of  any  studies  of  biological 
antagonism  but  it  should  also  be  held  in  mind  that  permeability  alterations 
are  equally  the  result  of  antagonistic  systems. 

It  seems  reasonably  sure  that  virus  reactions  are  intimately  associated 
with  the  enzymes  carried  in  the  virus  particle  and  the  effect  those  enzymes 
have  on  substrates  which  may  be  and  generally  are  components  of  the  cell, 
whether  that  cell  is  bacterial  or  tissue.  Structural  analogues  of  the  normal 
substrate  can  interfere  with  and  block  multiplication  of  the  virus  and  its 
effect  on  the  host  cell. 


General 


Pauling’s  concept  of  the  process  of  formation  of  antibodies  is  based  upon 
the  probability  that  the  biological  forces  at  play  are  those  ordinary  short- 
range  ones  known  to  exist  between  simpler  molecules  (Pauling,  1940).  He 
assumes  that  the  specificity  of  antigen-antibody  relationships  is  due  to  a 
detailed  “complementariness”  in  configuration  over  a  considerable  portion 
of  the  surfaces  of  the  two  molecular  units.  The  multivalence  of  antigens  and 
antibodies  is  also  incorporated  into  the  theory.  The  coiling  of  long  chain 
polypeptide  units  in  accordance  with  the  catalytic  effect  of  environment 
determines  whether  the  chain  will  form  normal  y-globulin  or  specific  anti¬ 
body.  In  this  system,  the  enzyme  or  catalyst  is  the  antigen  and  the  substrate 
is  the  long  chain  polypeptide  with  the  antibody  corresponding  to  the 
product  of  the  reaction.  The  entire  hypothetical  structure  can  be  integrated 
into  the  theory  of  biological  antagonism.  The  single  added  feature  would 
be  that  of  a  substrate  other  than  that  catalytically  converted  into  the  anti¬ 
body,  which  would  be  the  host-provided  substrate.  The  modification  of  this 
second  substrate  would  in  general  account  for  the  toxicity  of  the  antigen. 
Structural  features  Would  be  held  in  common  by  antibody  and  normal 


receptor  substrate  for  the  antigen. 

The  multivalence  of  antigens  and  antibodies  accounting  as  it  does  for 
serological  precipitation  and  agglutination  (Pauling  et  al.,  1944)  has  been 
substantiated  by  observations  which  are  clearly  manifestations  of  antag¬ 
onism.  Pauling  et  al.  (1942,  1943)  used  antisera  homologous  to  the  p-azo- 
benzenearsonate  ion  group  and  found  that  of  the  substances  tested  those 
containing  two  or  more  p-azobenzenearsonate  ion  groups  in  the  molecule 
produced  precipitates  with  the  antisera,  whereas  those  with  only  one  ben- 
zenearsonate  ion  group  did  not  form  precipitates  but  rather  inhibited  pre¬ 
cipitation  of  the  antisera  by  the  corresponding  antigen.  The  assumption 
here  is  that  the  monohaptenic  unit  will  combine  with  only  one  antibody 
molecule  and  that  the  resulting  complex  is  not  of  sufficient  size  to  precipi¬ 
tate.  On  the  other  hand,  the  polyhaptenic  molecules  will  combine  with  two 
or  more  antibody  particles  and  the  aggregate  will  precipitate.  While  in  th 
instance  the  simple  haptenic  unit  forms  the  linkage  of  antibody  molecules, 
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it  is  easy  to  translate  the  finding  into  the  system  where  the  antibody  by 
virtue  of  its  multivalency  forms  the  cross  linkage  or  framework  onto  which 
are  attached  antigenic  units  in  sufficient  number  to  create  a  macromolecular 
structure  which  precipitates. 

Potentialities  for  multivalent  antagonists  are  reflected  in  the  existence  of 
multivalent  simple  haptens  in  which  the  hapten  units  are  not  identical. 
Pauling  et  al.  (1944)  used  these  units  to  demonstrate  the  involvement  of 
several  haptenic  groups  in  a  precipitate  formation.  In  the  experimental 
design,  antisera  were  developed  in  the  blood  of  rabbits  either  to  an  azo¬ 
protein  containing  p-azobenzenearsonate  ion  groups  or  to  one  containing 
p-azobenzoate  units.  Then  molecules  were  synthesized  which  contained 
both  groups.  These  molecules  were  l-amino-2-p-(p-azobenzeneazo)-ben- 
zenearsonic  acid-3, 6-disulfonic  acid-7-p(p-azobenzeneazo)-benzoic  acid- 
8-hydroxynaphthalene,  and  1 ,8-dihydroxy-2-p-azobenzenearsonic  acid-3, 6- 
disulfonic  acid-7-p-(p-azobenzeneazo) -benzoic  acid-naphthalene.  Neither 
of  these  substances  gave  a  precipitate  with  one  antisera  alone  but  if  mixed 
with  both  a  heavy  precipitate  was  formed.  The  probable  explanation  of  this 
phenomenon  was  that  the  bivalent  simple  haptenic  molecules  united  with 
antibody  particles  specific  for  both  the  azobenzenearsonate  and  azobenzoate 
ion  groups.  With  two  antibody  particles,  the  complex  formed  was  of  suffi¬ 
cient  size  to  precipitate,  whereas  if  only  one  antibody  unit  reacted  there  was 
no  precipitation. 


The  entire  concept  of  biological  antagonism  would  have  had  to  be  modi¬ 
fied  if  the  position  of  Rothen  (1947,  1948)  had  been  substantiated,  for  he 
proposed  specific  reactions  between  antigens  and  antibodies  and  between 
enzyme  and  substrate  protein  even  when  the  units  were  separated  by  dis¬ 
tances  of  hundreds  of  angstroms.  Rothen’s  concept  was  in  direct  conflict 
with  that  of  Pauling  who  indicated  that  short-range  interactions  were  domi¬ 
nant  as  biological  forces.  The  experimental  basis  of  the  work  of  Rothen 
was  associated  with  reactions  of  proteins  in  thin  films  separated  by  thin 
mert  barners .  ffinger  (1950)  has  found  that  the  barriers  used  by  Rothen 
ac  ually  have  holes  in  them,  permitting  the  macromolecules  to  come  into 
contact  and  react.  It  would  seem  highly  probable  that  the  concept  of  Paulina 

experiments  techhn1tcsROthen,S  °bSerVati°nS  Were  based  ^adequate 


It  is  interesting  to  consider  briefly  the  basic  mechanisms  of  action  of 

r  rclrtion  to  enzymes  and  normai  ussue  »*«««.  m 

orig  Jr::  //c  r, confirmcd  the 

related  in  the  sense  that  diphtheria  cytochrome  T™  t0X‘n  ^  Pr°bably 
of  iron,  porphyrin,  and  diphtheria  toxin.  Frotn  thS  ^nSn.Ta^ 
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Interference  Phenomena  Among  Viruses 


heimer  and  Hcndee  (1947)  logically  assume  that  the  action  of  diphtheria 
toxin  would  be  that  of  interference  in  some  manner  with  the  function  of 
cytochrome-b  or  related  enzyme  in  the  tissues  of  susceptible  cells.  Later, 
Pappenheimer  (1948)  specifically  designated  the  action  of  the  diphtherial 
toxin  as  directed  against  the  normal  function  of  cytochrome-b  in  the  tissues 
of  susceptible  animals  through  blockage  of  the  synthesis  of  this  important 
moiety. 

In  this  same  line,  the  action  of  tetanus  .toxin  has  been  proposed  by 
Ambache  et  al.  (1948)  to  be  associated  with  the  sensitization  of  muscle  to 
cholinergic  drugs.  They  base  this  assumption  on  experiments  demonstrating 
the  difference  between  the  normal  and  tetanus  toxin  injected  eyes  of  rab¬ 
bits.  The  iris  of  the  intoxicated  eye  underwent  myosis  with  doses  of  car- 
baminoylcholine  which  were  insufficient  to  produce  pupillary  contractions 
in  the  control  eye. 

Similar  studies  were  conducted  by  Torda  and  Wolff  (1947)  with  botu- 
linus  toxin.  They  used  the  Types  A  and  B  toxins  and  observed  a  decreased 
synthesis  of  acetylcholine  when  either  of  these  materials  was  present.  The 
responsiveness  of  striated  muscle  to  acetylcholine  was  not  modified  by  low 
concentrations  of  the  toxins  but  was  increased  by  higher  concentrations. 
They  propose  that  the  “functional  paralysis”  observed  in  animals  affected 
by  the  toxins  of  Clostridium  botulinum  is  due  to  decreased  acetylcholine 
synthesis,  specifically  related  to  myoneural  function.  Inhibition  of  acetyl¬ 
choline  synthesis  is  also  a  characteristic  function  of  tetanus  toxin  (Ambache 
et  al.,  1948).  The  toxin  apparently  interferes  with  enzymatic  function  and 
does  not  affect  the  substrate. 


Chemical  antagonists  of  the  action  of  botulinus  toxin  are  known  (Miller 
and  Nelson,  1948)  and  were  discovered  on  the  basis  of  failure  of  nerve 
impulse  transmission  and  attempts  to  reestablish  this  transmission  chemi¬ 
cally.  Acetylcholine  and  various  quaternary  ammonium  halides  could  not 
be  used  because  no  practicable  tolerated  doses  were  found  under  the  experi¬ 
mental  conditions.  Both  ammonium  2-nitro-l-butanesulfonate  and  2-(hy- 

droxymethyI)-2-methyIpropyIan,ine  HCI  were  effective  as  inhibitors  of  the 
lethal  action  of  botulinus  toxin. 
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onlv'inlh  a!'e.infe,clious  aSents’  Possessing  the  ability  to  reproduce  but 
only  in  the  Itvtng  host  cell.  The  viruses  obtained  from  plant  sources  are 

nucleoprotetn  m  character.  Those  from  animals  arc  more  complex  havin! 
a  composition  which  mav  aonrmrh  thnt  u  *  •  JT  P  ’  Having 
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million  and  altalla  mosaic  around  2  million,  in  common  with  genes  and 
antigens,  it  is  probable  that  virus  particles  are  autocatalytic  in  nature.  Sevag 
(1945)  has  stated  the  probability  that  since  all  proteins  are  antigenic  and 
all  antigens  are  autocatalytic,  all  proteins  must  be  endowed  with  enzymatic 
activity.  Certainly,  the  hapten  finds  its  counterpart  in  the  coenzyme  and  in 
those  structures  associated  with  the  virus  particle  which  can  be  chemically 
modified  in  vitro  with  resultant  biological  alteration.  It  is  well  to  consider 
at  all  times  the  probability  that  enzyme,  virus,  gene,  and  antigen  are  but 
manifestations  of  the  catalytic  character  of  protein  structures  with  specificity 
determined  by  hapten-like  moieties. 

The  hapten  or  cofactor  of  a  given  protein  molecule  can  be  considered 
to  be  the  amino  acid  moiety  which  is  not  intimately  linked  into  the  peptide 
chain.  It  is  the  R  of  the  standard  type  structure,  R — CH(NHo) — COOH. 
Amino  acid  analysis  of  eight  different  strains  of  tobacco  mosaic  vims  have 
been  made  by  Knight  (1947)  who  reports  profound  differences.  One  strain 
was  found  to  contain  histidine  and  methionine,  amino  acids  not  present  in 
the  other  seven  strains.  In  general,  he  found  the  greatest  differences  between 
strains  whose  biological  properties  would  suggest  that  they  were  most  re¬ 
motely  related.  The  reverse  was  also  true:  that  differences  in  composition 
in  closely  related  strains  were  slight.  In  one  case,  an  immediate  mutant 
strain  differed  from  the  parent  in  only  two  respects.  Thus,  it  is  apparent 
that  protein  structures  within  the  virus  complex  differ  qualitatively,  a  point 
distinguishing  them  from  antibodies. 

Polysaccharides  play  a  significant  role  in  specificity  manifestations  with 
viruses,  just  as  they  do  with  antigenic  materials  in  general.  For  example, 
polysaccharides  from  type-specific  Friedlander  bacilli  inhibit  the  multipli¬ 
cation  of  mumps  virus  and  may  also  inhibit  hemagglutination  caused  by  the 
virus  (Ginsberg  et  al.,  1948). 

Anderson  (1948)  has  suggested  that  the  existence  of  a  cofactor  for  the 
activation  of  T4  bacterial  virus  resembles  that  seen  with  enzyme  systems. 
L-Tryptophan,  the  cofactor  in  this  case,  makes  possible  the  adsorption  of 
the  virus  particle  onto  the  host  cell.  The  function  of  the  tryptophan  may  be 
that  of  a  bridge  from  virus  particle  to  cofactor;  this  might  be  a  component 
of  the  host  cell  or  it  might  confer  upon  the  particle  the  structural  charac¬ 
teristics  essential  for  the  degree  of  complementariness  necessary  to  the 
function  of  autocatalytic  proteins  in  general.  While  tryptophan  is  the  most 
active  amino  acid,  phenylalanine,  tyrosine,  and  certain  tryptophan  ana¬ 
logues  also  possess  this  power.  Again,  the  capacity  of  indole  (Delbruck, 
1948)  to  inhibit  the  adsorption  of  phage  particles  parallels  to  a  consider¬ 
able  degree  the  metabolite  displacement  phenomena  so  common  to  enzy¬ 


matic  reactions.  .  ,  ,  . 

In  the  consideration  of  interference  phenomena  in  the  study  of  viruses, 
the  antiphage  or  antiviral  body  used  prophylactically  is  not  excluded  since 
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it  directly  obstructs  the  key-to-lock  relationship  of  virus  to  susceptible  host 
cell.  The  active,  the  attenuated,  and  the  fully  inactivated  virus  can  be  used 
to  induce  immunity.  The  major  factors  in  acquired  immunity  arc  the  anti¬ 
bodies  found  in  the  y-globulin  fraction  of  blood  proteins.  These  antibodies 
are  capable  of  neutralizing  virus  activity,  agglutinating  the  respective  anti¬ 
gens  in  some  case  forming  precipitates  with  the  soluble  antigens,  and  finally 
fixing  complement  (Burnet  et  al.,  1937;  Craigie,  1939).  Viruses  are  there¬ 
fore  antigens  in  the  usual  sense  and  statements  made  concerning  antigens 
and  their  activity  apply  equally  to  the  viral  antigen. 

There  is  one  instance  of  record  in  which  an  enzyme  inactivated  a  virus. 
The  enzyme  was  crystalline  d-ribonuclease  which  formed  a  combination 
with  tobacco  mosaic  virus  causing  a  reversible  inactivation  of  the  virus 
(Loring,  1942).  The  virus-enzyme  complex  could  be  dissociated,  liberat¬ 
ing  the  virus  in  a  fully  active  form.  The  dissociation  could  be  caused  by 
diluting  the  solution  of  the  complex,  sedimenting  at  high  speed,  and  redis¬ 
solving  the  pellets. 

While  all  of  the  aforementioned  factors  enter  the  picture  of  the  antag¬ 
onistic  activity  associated  with  the  virus,  we  are  primarily  concerned  with 
the  capacity  possessed  by  certain  viruses  to  interfere  with  the  growth  and 
effect  of  other  viruses.  There  are  instances  of  this  type  with  which  one 
virus  will  interfere  with  the  second  but  the  second  will  not  block  the  first. 


Here  we  have  biological  antagonism  associated  with  “living”  particles,  with 
molecular  complexes  capable  of  reproducing  themselves. 

Interference  was  first  noted  between  plant  viruses  (McKinney,  1926). 
Work  in  this  field  has  been  reviewed  by  Price  (1940).  Interference  appears 
to  be  limited  to  viruses  which  are  closely  related  and  can  even  be  used  for 


purposes  of  differentiating  and  classifying  these  agents. 

Interference  phenomena  between  animal  viruses  has  recently  been  exten¬ 
sively  reviewed  by  Henle  (1950).  As  this  review  is  comprehensive,  we  here 
repeat  only  the  material  necessary  for  the  incorporation  of  this  interference 
field  into  the  general  concept  of  biological  antagonism. 

Hoskins  (1935 )  reported  the  first  extensive  investigations  into  the  inter¬ 
ference  aspects  of  animal  viruses.  He  found  that  the  neurotropic  strain  of 
yellow  fever  virus  protected  against  the  viscerotropic  strain  of  the  virus 
His  observations  were  confirmed  (Findlay  and  MacCallum,  1937;  Lennette 
and  Koprowski  1946).  Similar  studies  have  disclosed  the  opposing  effects 

D;:;reiedphKonT^7an^'ncepha"togenic  strains  ot  ^imPL 

,  and  Kon,  1937;  Doerr  and  Seidenberg,  1937),  and  neurotrooic 

and  pneumotropic  influenza  viruses  (Andrewes,  1942).  In  these  instances 
the  virus  strains  vary  in  their  tropism.  instances, 

They  to u nd  thanhe™!  7 D D t 1 r' ° Pr°fWSkl  n94f>l  was  done  in  tissue  culture. 
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and  the  heterologous  West  Nile  virus.  Furthermore,  both  the  17DD  strain 
of  yellow  lever  virus  and  the  West  Nile  virus  produced  partial  or  complete 
suppression  ot  the  growth  of  the  Venezuelan  equine  encephalomyelitis  virus 
and  of  the  influenza  A  virus.  The  possibility  of  cultures  being  contaminated 
by  neutralizing  antibodies  or  nonspecific  antiviral  agents  was  ruled  out. 

Again,  interferences  are  seen  between  neurotropic  viruses.  For  example, 
Rhodes  and  Chapman  (1949)  using  experimental  animals  found  no  evi¬ 
dence  that  the  inoculation  of  animals  with  human  poliomyelitis  virus  inter¬ 
fered  with  the  growth  or  effect  of  the  MM  or  Lansing  strains  of  this  virus, 
but  they  did  see  interference  between  lymphocytic  choriomeningitis  virus 
and  the  MM  virus.  The  reverse  also  held:  under  certain  circumstances 
inoculation  with  MM  virus  may  lessen  the  severity  of  the  illness  due  to 
earlier  injection  of  lymphocytic  choriomeningitis  vims. 

As  another  example,  Vilches  and  Hirst  (1947)  observed  the  interference 
reaction  between  the  viruses  of  influenza  A  and  B  on  the  one  hand  and  that 
of  western  equine  encephalomyelitis  on  the  other  when  intracerebral  in¬ 
oculations  were  made.  Using  the  intraperitoneal  route  for  administration 
of  the  influenza  virus,  the  antagonism  with  encephalomyelitis  was  not  evi¬ 
denced.  Furthermore,  the  interference  could  not  be  demonstrated  in  the 
allantoic  cavity  of  the  embryonated  hen’s  egg. 

In  addition  to  the  interferences  occurring  between  plant  and  animal 
viruses,  there  are  instances  of  such  reactions  between  bacterial  viruses  or 
phages.  Delbruck  and  Luria  (1942)  discovered  the  antagonism  of  the 
a(T] )  phage  of  Escherichia  coli  for  the  y(T2)  phage  of  the  same  micro¬ 
organism.  Further,  the  ultraviolet  light-inactivated  y(T2)  phage  retained 
its  power  to  suppress  the  growth  of  a(T,)  phage  (Luria  and  Delbruck, 
1942).  Another  interesting  finding  was  that  the  inactivated  y(T2)  phage 
interfered  with  the  growth  of  y(T2)  phage. 

From  consideration  of  all  studies  of  interference  between  two  active 
viruses,  there  are  certain  generalizations  that  can  be  made.  The  phenome¬ 
non  can  occur  in  an  extremely  broad  spectrum  of  host  animals  including 
calves,  chickens,  guinea  pigs,  mice,  hamsters,  foxes,  possibly  man;  and 
tissues  including  central  nervous  system,  respiratory  tract,  skin,  cornea, 
etc.  There  is  no  restriction  of  the  interference  phenomenon  to  certain  types 
of  viruses.  They  range  from  the  largest  to  the  smallest,  from  the  fully 
pathogenic  to  the  mild and  even  to  the  agent  producing  an  infection  detecta¬ 
ble  only  serologically. 

Another  generalization  is  that  the  interfering  agents  may  precede  the 
excluded  virus,  may  be  given  simultaneously  or  may  follow  and  in  each 
case  the  basic  mechanism  can  be  demonstrated.  Again,  while  m  most  cases 
interference  is  reciprocal,  there  are  some  in  which  no  reciprocity  has  been 
found.  Still  another  important  fact  in  the  consideration  of  this  type  ot 
biological  antagonism  is  that  it  is  not  universal.  There  are  instances  of  dual 
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viral  infections  and  these  may  occur  within  the  same  cell.  Finally,  inter¬ 
ference  reactions  are  distinct  from  those  of  specific  immunity  reactions. 
This  last  statement  is  based  upon  the  rapidity  of  the  appearance  of  the 
interference  phenomenon  and  on  its  occurrence  between  agents  which  do 
not  possess  common  antigenic  components. 

With  two  active  viral  antagonists,  complications  arise  which  can  be  elimi¬ 
nated  if  the  interference  is  caused  by  an  inactivated  virus.  The  inactivation 
can  be  brought  about  by  heating,  formalinization,  and  ultraviolet  light. 
With  the  inactivated  particle,  the  interference  is  linked  directly  to  the  unit 
and  cannot  be  separated  therefrom.  Another  factor  for  consideration  is  that 
the  interfering  power  is  due  to  particular  groupings  on  the  particle  which 
are  distinct  from  those  involved  in  other  viral  activities. 

Our  purpose  is  the  integration  of  the  facts  of  viral  interference  phe¬ 
nomena  within  the  framework  of  biological  antagonism  and  we  are  there¬ 
fore  fundamentally  concerned  with  the  mechanisms  of  this  reaction.  There 
are  three  hypothetical  resolutions  of  this  problem:  the  penetration  concept, 
the  theory  of  blockage  or  destruction  of  cell  receptors,  and  the  hypothesis 
of  competition  for  an  enzyme  system. 

The  first  of  these,  the  penetration  concept,  assumes  that  the  entrance  of 
one  bacteriophage  particle  into  the  host  cell  so  alters  the  cell  surface  as  to 
prevent  the  penetration  of  a  second  type  particle  (Delbruck,  1945).  This 
concept  has  been  largely  abandoned  following  the  demonstration  of  dual 
infections  of  bacterial  cells. 

The  second  theory,  that  of  blockage  or  destruction  of  cell  receptors,  is 
based  largely  upon  studies  of  hemagglutination  which  were  conducted  by 
Hirst  (1942).  He  found  that  red  cells  adsorb  influenza  virus  and  are,  as  a 
consequence,  agglutinated.  Subsequently,  the  virus  can  be  eluted  from  the 
red  cells  and  after  this  elution,  the  red  cells  no  longer  possess  the  power  for 
adsorption  of  the  virus.  The  virus  particle  itself  is  unchanged.  In  general 

the  additional  supporting  evidence  follows  similar  lines  and  has  been  previ¬ 
ously  reviewed.  F 


While  interference  on  the  basis  of  receptor  destruction  may  well  play  a 
part  in  the  phenomenon,  there  is  evidence  indicating  that  the  major  role  is 
assumed  by  another  mechanism.  One  aspect  of  this  evidence  is  the  fact  that 

capadtTbvTh  maCtlVati°n  by  U'traViolet  nSht  shows  '«»  of  interfering 
capac.  y  by  the  virus  within  ten  minutes,  while  the  adsorption  mechanism 

ts  unaltered  after  60  minutes  (Henle  and  Henle,  1947,^  "er  fa 
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the  observation  (Florman,  1948)  of  reciprocal  action  of  influenza  and 
Newcastle  disease  viruses  with  regard  to  interference  but  not  to  adsorption 
elution  effects.  Then,  Schlesinger  (1949)  added  the  final  bit  of  evidence 
against  receptor  destruction  when  he  observed  that  the  viruses  of  equine 
encephalomyelitis  do  not  destroy  the  receptors  for  influenza  virus  in  the 
brain  of  mice.  Interference  between  these  two  viruses  has  been  demon¬ 
strated  (Henle  and  Henle,  1945;  Vilches  and  Hirst,  1947). 

The  enzyme  competition  hypothesis  for  the  interference  reaction  which 
was  elaborated  by  Delbriick  and  Luria  (1942)  has  come  to  be  accepted. 
Henle  (1950),  having  reviewed  the  entire  field  in  some  detail,  concluded 
that  this  was  the  “most  plausible.”  According  to  this  concept,  the  viruses 
compete  within  the  host  cell  for  an  enzyme  system  essential  to  the  propaga¬ 
tion  of  either  one  of  them.  The  enzyme  system  involved  might  be  a  part  of 
the  invading  virus  or  it  might  be  a  component  of  the  host  cell.  It  is  also 
true  that  there  is  no  reason  to  restrict  the  inhibitory  action  to  a  single 
enzyme,  as  it  may  with  equal  probability  affect  many  enzyme  systems.  The 
displacement  phenomena  would  be  that  involving  the  protein  moiety  of  an 
enzyme;  however,  the  hapten  inhibition  angle  must  be  considered  a  possi¬ 
bility. 

Substantiation  of  this  concept  takes  several  lines.  The  first  of  these 
attempts  to  establish  the  reactions  as  intracellular  by  proving  the  failure  of 
specific  antibodies  to  attack  a  virus  after  the  virus  has  had  a  chance  to 
establish  itself  within  the  host  cell  (Henle  and  Henle,  1949).  This  is  inter¬ 
preted  to  indicate  penetration  of  virus  into  the  cell,  a  power  not  possessed 
by  the  antibody.  Another  experimental  finding  lending  support  to  this  posi¬ 
tion  is  that  the  interfering  action  of  irradiated  and  inactivated  vims  is  not 
altered  by  subsequent  treatment  of  the  system  with  immune  serum  (Henle 
et  al.,  1947). 

The  second  line  of  investigation  tending  to  support  the  enzyme  displace¬ 
ment  concept  reveals  the  effect  of  the  inhibitory  virus  on  the  metabolism 
of  the  host  cell  as  reflected  in  its  ability  to  block  further  development  ol 
allantoic  sacs  used  as  test  structures  (Henle  et  al.,  1947)  and  to  alter 
the  metabolic  activities  of  bacterial  host  cells  (Cohen  and  Anderson, 

1946).  ,  . 

In  conclusion,  it  can  be  stated  that  the  enzyme-inhibition  concept  of  virus. 

interference  reactions  seems  the  most  logical  and  is  supported  by  ample 
investigational  evidence.  It  indicates  the  fact  that  complexity  is  no  reason 
to  eliminate  competitive  or  noncompetitive  displacement  phenomena  from 
consideration  in  studies  of  biological  antagonism. 

Protein  Enzyme  Inhibitors 

The  preceding  consideration  of  antagonisms  as  manifested  by  'mmuno- 
logical  reactions  and  virus  interferences  might  well  be  constdered  spec.al 
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classifications  of  protein  enzyme  inhibitors  and  as  such  included  in  this 
section.  The  separation  is  for  convenience  of  presentation  and  does  not 

imply  distinction. 

Zymoids 

One  class  of  protein  enzyme  inhibitor  is  the  zymoid  (Bearn  and  Cramer, 
1907),  a  denatured  enzyme.  Solutions  of  enzymes  which  have  been  heated 
to  56°-60°  C.  for  20-30  minutes  have  a  strongly  inhibitory  effect  on  the 
activity  of  the  unheated  enzyme.  Heating  to  100  "  C.  destroys  the  antag¬ 
onistic  effect.  The  phenomenon  is  closely  related  to  the  production  of  heat- 
inactivated  virus  particles  and  the  capacity  of  these  units  to  interfere  with 
the  working  of  the  active  virus.  It  would  seem  logical  to  anticipate  altera¬ 
tion  in  surface  configuration  by  heating  (denaturation)  and  if  this  modifi¬ 
cation  were  of  minor  degree  displacement  phenomena  should  ensue  be¬ 
tween  the  native  and  the  denatured  forms  of  any  protein. 


Enzyme  Inhibiting  Immune  Bodies 


The  protein  enzyme  inhibitors  of  this  group  are  manifestations  of 
immunological  reactions.  They  are  produced  by  injecting  an  enzyme  paren- 
terally.  Antibodies  have  been  described  against  emulsin,  amylase,  invertase, 
urease,  rennin,  pepsin,  trypsin,  phenolase,  lipases,  etc.  In  fact,  theoretically 
it  is  possible  to  develop  antibodies  against  any  enzyme. 

The  subject  of  the  enzyme  as  an  antigen  and  of  the  corresponding  anti¬ 
body  as  a  specific  enzyme  inhibitor  has  been  reviewed  in  detail  by  Sevag 
(1945).  For  the  purposes  of  summarizing  the  subject  for  the  consideration 
of  these  reactions  as  biological  antagonisms,  it  will  be  necessary  to  present 
only  a  few  selected  instances. 


The  proteolytic  enzymes  offer  a  pathway  into  the  maze  of  observations 
in  this  field.  Northrop  (1930)  first  demonstrated  that  crystalline  pepsin 
protein  gives  rise  to  pepsin  precipitating  antibodies.  He  used  both  active 
and  inactive  pepsin  and  these  antigens  gave  rise  to  antibodies  which  gave 
cross-reactions.  This  was  to  have  been  anticipated  as  pepsin  is  inactivated 
above  pH  6;  and  in  even  more  alkaline  media  such  as  that  of  the  blood 
stream  (pH  7.6)  the  pepsin  molecule  is  denatured.  Antibody  formation  is 
t  erefore  to  the  denatured  form  rather  than  to  active  pepsin.  The  design 
of  the  experiments  of  Seastone  and  Herriott  (1937)  was  based  upon  the 
denaturation  and  they  used  as  antigens  alkali-inactivated  pepsins.  They 
were  a  e  to  istinguish  serologically  among  the  pepsins  of  several  different 

teT;:  that  ihS-  The  Unf0rtUnate  aspect  °f  the  pep^n-antigen-antibody  sys- 
is  that  there  is  no  way  of  demonstrating  the  inhibition  by  the  antibody 
of  the  enzymatic  activity  of  the  pepsin.  y 

With  trypsin,  the  situation  is  different  and  permits  of  demonstrate  enzv 
aCt'V1,y  reduC"on  or  blockaSe-  TenBroeck  (1934)  using  the  anaphy- 
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lactic  reaction  in  guinea  pigs  found  that  chymotrypsin  and  trypsin  differ  in 
e,r  properties.  The  original  demonstration  of  trypsin  antibody  as  an  in- 
hi  tor  of  the  activity  of  the  enzyme  was  made  in  1901,  years  before  anv 
vvor  was  carried  out  with  purified  enzyme  preparations.  Achalme  (1901) 
observed  the  toxic  action  of  a  trypsin  preparation  in  guinea  pigs.  He  at- 
nbuted  the  toxicity  to  the  effect  of  the  enzyme.  To  prove  the  point,  he  then 
mumzed  guinea  pigs  with  the  trypsin  preparations  and  produced  a  serum 

W  ?  mhl^lted  the  try.Ptlc  activity  of  the  enzyme  in  vitro  and  completely 
protected  the  guinea  pigs  against  its  toxic  action. 


It  is  probable  that  the  degree  of  complementariness  which  must  exist 
between  antigen  and  antibody  and  between  enzyme  and  substrate  causes  in 
this  case  similarity  of  structure  between  antibody  and  substrate.  The  dis¬ 
placement  might  result  either  from  a  combination  of  enzyme  and  antibody 
or  of  antibody  and  substrate.  Quantitative  considerations  immediately 
eliminate  the  antibody  substrate  combination  concept  and  leave  the  prob¬ 
ability  of  a  competition  existing  between  antibody  and  normal  substrate 
lor  structural  reactive  surface  position  on  the  enzyme-antigen  unit. 

Papain  is  another  example  of  a  proteolytic  enzyme  having  antigenic 
capacity  for  the  elicitation  of  antibody  formation  with  subsequent  inhibition 
of  its  own  effect.  Haas  ( 1940)  made  the  observations  which  concerned  the 


inhibition  in  vitro  of  the  proteolytic  hydrolysis  of  casein  or  gelatin.  The 
experiments  were  carefully  controlled.  Reversibility  of  the  enzyme-antibody 
complex  was  established  by  leaving  the  precipitated  complex  in  the  system 
and  finding  evidence  of  partial  hydrolysis. 

Rennin  is  a  milk  coagulating  enzyme.  It  converts  casein  to  paracasein 
and  if  there  is  enough  calcium  present  the  paracasein  separates  out  as  a  gel. 
With  crude  preparations  of  this  enzyme  from  plant  and  animal  sources, 
Morgenroth  (1899,  1900)  was  able  to  prepare  an  immune  serum  with  the 
capacity  to  prevent  the  action  of  rennin.  In  the  presence  of  the  proper 
amounts  of  the  antisera,  rennin  did  not  coagulate  milk.  The  findings  of 
Morgenroth  were  confirmed  by  Thaysen  (1915),  although  the  latter  investi¬ 
gator  interpreted  the  results  differently. 

The  first  unquestionable  demonstration  of  the  development  of  antibodies 
following  the  injection  of  enzymes  resulted  from  the  work  of  Sumner  and 
Kirk  (1931)  and  Kirk  and  Sumner  (1931,  1932,  1934)  with  crystalline 
urease.  The  antibody  obtained  gave  the  usual  immunological  reactions  with 


urease  and  prevented  in  vitro  the  urease  catalyzed  conversion  of  urea  to 
ammonium  carbonate.  Further  it  protected  animals  against  the  toxic  effects 
of  urease  injection,  associated  with  the  rapid  formation  of  ammonia.  Urease 
inactivated  by  Formalin  is  both  nontoxic  and  incapable  of  stimulating  anti¬ 
urease-antibody  formation.  With  urease  and  its  antibody  and  substrate,  we 
have  an  example  of  a  system  in  which  a  simple  molecule,  urea,  functioning 
as  substrate,  competes  with  a  macromolecular  unit,  a  glycoprotein  which 
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is  the  antibody,  for  a  position  on  the  surface  of  an  enzyme.  Molecular 
magnitudes  need  not  match  for  inhibitory  phenomena  to  be  manifested. 

Still  another  example  of  the  development  of  antibodies  to  enzymes  con¬ 
cerns  catalase,  an  iron-containing  enzyme  primarily  involved  in  the  con¬ 
version  of  hydrogen  peroxide  to  water  and  oxygen.  Tria  (1939)  and 
Campbell  and  Fourt  (1939)  found  the  development  of  an  anticatalase 
following  the  injection  of  crystalline  beef  liver  catalase.  The  anticatalase 
was  serologically  identified  by  precipitation  reactions.  Biochemically,  the 
question  immediately  arises  as  to  whether  or  not  the  catalase  has  lost  its 
activity.  With  the  proteolytic  enzymes  and  with  urea,  enzymatic  power  is 
completely  nullified  by  the  corresponding  antibodies,  but  with  catalase  the 
situation  is  questionable.  Campbell  and  Fourt  (1939)  observed  very  little 
loss  of  activity  but  their  experiments  involved  dilution  factors  and  the  po¬ 
tentialities  for  dissociation  of  the  complex  were  great.  Again,  Harkins  et 
al.  (1940)  using  a  different  technic  (multilayer)  also  reported  enzymic 
activity  in  the  catalase-anticatalase  complex.  While  the  observed  activity 
was  only  one-fifth  to  one-tenth  that  of  the  enzyme  in  solution,  they  felt  that 
denatured  protein  or  impurity  might  tend  to  give  results  indicating  such 
losses. 

Catalase  is  a  metallo-protein  enzyme  and  the  possibility  arises  that  this 
enzymatic  type  will  in  general  not  be  inhibited  by  the  corresponding  anti¬ 
body.  The  question  remains  unsettled.  Tyrosinase,  a  copper  protein  en¬ 
zyme,  has  been  found  (Gessard,  1901,  1902,  1903,  1906)  to  be  inhibited 
in  its  action  by  the  proper  antibody.  Bach  and  Engelhardt  (1922),  using 
mushroom  extract,  confirmed  these  findings;  but  Adams  (1942)  claims 
that  the  antibody  has  no  effect  on  the  catalytic  activity  of  the  enzyme. 

Again,  a  striking  substantiation  of  the  probable  general  inhibition  of 
enzyme  activity  by  antibody  is  the  finding  of  Harvey  and  Deitrick  (1930) 
that  an  antienzyme  could  be  developed  against  luciferase  and  that  this  anti¬ 
enzyme  prevented  luciferin  from  luminescing  when  it  was  mixed  with  lucif- 


As  a  final  example,  it  seems  suitable  to  use  hyaluronidase,  the  permea- 

cultur/fifiT  n  MC?ea"  observed  that  the  hyaluronidase  activity  of 

amount  o  m  W'cA"  WaS  not  comP'etely  inhibited  by  an 

amount  of  antitoxm  sufficient  to  neutralize  the  toxin.  Normal  horse  serum 

had  no  inhibitory  capacity.  The  combined  findings  led  McClean  to  nronose 

L^MccL0  n94n,rdy  *V  <P— ^  factor)6 

cultures 

bility^nzyme^^fihrates  from  ££££ *  *  P~ 

liberation  of  N-acetvlelucosaminl  f  f  C>0smd,wn  ^plicum  blocked  the 
enzyme  (McClean  and  Hale,  1941).™'”  "  mucoProtein  substrate  by  the 


2  4  Proteins  and  Protein  Antagonisms 

There  are  many  other  examples  of  the  inhibitory  action  of  antibodies  for 
the  en^matic  activities  of  the  corresponding  antigens,  but  in  the  interests 
of  brevity  these  will  not  be  listed.  Sevag  (1945)  has  listed  all  experimental 
findings  in  this  category  in  a  complete  and  comprehensive  manner.  The 
material  presented  establishes  the  ability  of  a  specific  antibody  to  block 
activity  of  enzymes  and  there  seems  no  reason  to  regard  this  phenomenon 
in  a  manner  distinct  from  that  of  any  other  competitive  or  noncompetitive 
enzyme  inhibition. 


Naturally  Occurring  Inhibitors 

In  considering  the  naturally  occurring  inhibitors  of  enzymes,  we  are 
restricting  the  case  to  proteolytic  enzymes.  There  are  many  naturally  occur¬ 
ring  enzyme  inhibitors.  In  fact,  the  products  of  any  enzymatic  reactions  are 
in  reality  inhibitors  thereof.  For  this  reason,  the  heading  of  this  section  may 
seem  ambiguous  unless  restricted  as  indicated. 

The  round  worm,  A  scar  is  lumbricoides,  is  an  intestinal  parasite,  and  its 
ability  to  withstand  digestion  by  the  proteolytic  enzymes  of  the  tract  re¬ 
sulted  in  the  initial  investigations  of  natural  antienzymes  of  this  class.  Wein- 
land  ( 1903)  made  extracts  of  these  parasites  and  found  that  they  were  both 
antipeptic  and  antitryptic.  Mendel  and  Blood  (1910)  confirmed  these  find¬ 
ings  and  extended  them  by  discovering  the  failure  of  the  extracts  to  inhibit 
papain.  The  nature  of  the  inhibiting  principle  was  delineated  by  Collier 
( 1941 )  who  found  it  to  be  a  polypeptide. 

During  the  course  of  the  transformation  of  pepsinogen  to  pepsin  (Her- 
riott,  1938,  1941)  and  of  trypsinogen  to  trypsin  (Kunitz  and  Northrop, 
1936),  peptide  inhibitors  of  the  respective  enzymes  are  formed.  The  pep¬ 
tides  have  a  molecular  weight  of  from  4000  to  10,000  and  are  specific, 
giving  no  cross-reactions  for  other  proteolytic  enzymes.  The  enzyme-inhibi¬ 
tor  complexes  are  dissociable  and  seem  to  behave  in  accordance  with  the 
law  of  mass  action.  It  is  not  surprising  that  inhibitors  of  protein  enzymes 
of  the  proteolytic  type  are  polypeptides.  It  would  be  most  unusual  if  some 
antagonistic  principle  were  not  amino  acid  in  structure. 

It  is  even  possible  for  enzymes  to  inhibit  enzymes,  as  has  been  demon¬ 
strated  by  Sang  (1938)  who  found  that  the  Ascaris  inhibitor  of  Weinland 
(1903)  was  in  fact  a  protease.  Another  example  of  this  type  is  the  antag¬ 
onism  of  urease  for  trypsin  (Tauber  and  Kleiner,  1931).  This  interference 
phenomenon  is  unilateral  in  the  sense  that  the  union  does  not  block  urease 

action  but  does  block  that  of  trypsin. 

The  low  nutritive  value  of  raw  soybean  proteins  led  directly  to  the  dis¬ 
covery  in  soybeans  of  a  specific  trypsin  inhibitor  (Ham  and  Sanstedt,  1944, 
Bowman,  1944).  The  soybean  inhibitor  when  fed  to  chicks  (Ham  et  al., 
1945)  or  rats  (Klose  et  al.,  1946)  caused  retardation  of  growth.  It  is  not 
certain  that  the  inhibitor  principle  for  trypsin  and  the  growth  retarding 
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principle  are  identical,  but  it  seems  probable.  Kunitz  (1945  1946,  1947) 
has  isolated  the  antagonistic  factor  and  found  it  to  be  a  globulin  type  pro¬ 
tein.  He  observed  a  loss  in  amino  nitrogen  when  the  combination  of  trypsin 
and  inhibitor  occurred  which  indicated  a  reaction  of  the  ammo  groups  of 
the  enzyme  with  the  carboxyl  groups  of  the  inhibitor. 

Similarly,  a  crystalline  trypsin  inhibitor  has  been  isolated  from  ovomu¬ 
coid  (Lineweaver  and  Murray,  1947)  which  behaves  in  much  the  same 
manner  as  does  the  soybean  antagonist  (Fraenkel-Conrat  et  al.,  1949),  in 
that  amino  groups  of  trypsin  and  carboxyl  groups  of  ovomucoid  are  re¬ 


quired  for  the  reaction. 

Still  another  type  of  inhibitor,  differing  from  that  isolated  from  soybean 
and  ovomucoid,  has  been  obtained  from  lima  beans  (Fraenkel-Conrat, 
1948).  As  with  the  soybean  factor,  the  lima  bean  trypsin  inhibitor  radically 
interferes  with  the  growth  of  Swiss  mice  when  fed  at  a  level  of  1.7  per  cent 
of  the  diet  (Tauber  et  al.,  1949). 

It  is  probable  that  the  antibacterial  effects  of  certain  protamines  and 
histones  (McClean,  1931 ;  Miller  et  al.,  1942;  Woolley  and  Krampitz,  1942) 
as  well  as  their  virucidal  (McClean,  1930)  and  fungicidal  properties 
(Stuart  and  Harris,  1942)  are  attributable  to  similar  enzymatic  blockage 


phenomena. 

These  naturally  occurring  polypeptide  and  protein  inhibitors  of  pro¬ 
teolytic  enzymes  fall  into  the  general  classification  of  macromolecular  bio¬ 
logical  antagonists.  They  are  structural  analogues  of  the  enzymes  they 
inhibit.  As  there  are  displacers  for  substrates  of  enzymes  and  for  cofactors 
of  enzymes,  so  there  are  displacers  for  the  entire  protein  moiety  of  the 
enzyme  itself. 


Antagonisms  of  Protein  or  Polypeptide  Hormones 

There  are  two  phases  to  the  consideration  of  antagonisms  of  protein  and 
polypeptide  hormones.  One  concerns  the  antigenic  power  of  these  agents 
and  the  other  the  mutual  interference  of  one  hormone  for  a  second. 

The  behavior  of  protein  hormones  as  antigens  was  first  observed  by 
Collip  and  Anderson  (1934)  in  their  studies  of  the  sera  of  animals  refrac¬ 
tory  to  the  action  of  certain  pituitary  hormones.  They  observed  that  the 
serum  of  a  thyrotropic  hormone  resistant  animal  would  prevent  the  action 
of  the  hormone  on  a  normal,  nonresistant  animal.  The  term  “Antihormone” 
was  created  to  designate  the  antibody  concerned.  Collip  initially  did  not 
regard  the  antihormone  as  an  antibody. 

Thompson  (1941)  has  reviewed  the  subject  of  antihormones  in  some 
detail  and  it  is  our  intention  to  do  no  more  than  refer  to  a  few  key  articles 
as  the  basis  for  the  integration  of  this  group  of  antagonistic  principles  into 
the  general  concept  of  biological  antagonism. 

Shortly  after  the  appearance  of  the  work  of  Collip  and  Anderson 
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(1934),  other  investigators  established  similar  antihormones  for  ketogenic 
(Black  et  al.,  1934;  Black,  1935),  growth  (Collip,  1935),  adrenocortico¬ 
tropic  (Thompson  and  Cushing,  1934),  and  the  gonadotropic  hormones 
(Selye  et  al.,  1934)  of  the  anterior  pituitary,  and  for  the  anterior  pituitary- 
like  hormone  of  the  urine  of  pregnancy  (Bachman  et  al.,  1934). 

In  view  of  the  current  extensive  use  of  adrenocorticotropic  hormone 
and  cortisone  in  the  treatment  of  rheumatoid  arthritis  and  similar  diseases, 
it  is  of  particular  interest  to  note  that  both  the  polypeptide  (Hartman 
et  al.,  1937)  hormone  and  one  of  the  corresponding  steroid  hormones, 
corticosterone  (Hartman  et  al.,  1940)  produce  antihormones  under  cer¬ 
tain  conditions.  In  the  latter  instance,  the  steroid  functions  as  a  hapten 
moiety. 

The  physiological  effects  of  antihormones  correspond  in  general  to  the 
effect  of  defective  hormone  formation  syndromes.  As  an  example,  the 
antihormone  for  the  thyrotropic  agent  causes  the  basal  metabolic  rate  of 
rats  to  decrease  below  the  normal  level  (Anderson  and  Collip,  1934). 
Furthermore,  the  tendency  of  the  thyrotropic  hormone  to  raise  the  basal 
metabolic  rate  is  blocked  by  the  inhibitor.  Again,  the  thyroid  gland  of  the 
normal  animal  becomes  atrophic  under  treatment  with  the  antihormone 
(Eitel  and  Loeser,  1934).  Similarly,  the  antihormone  for  the  gonadotropic 
principle  (Rowlands,  1937,  1939)  inhibits  ovulation  and  corpus  luteum 
formation,  causes  atrophy  of  the  reproductive  organs,  suppresses  blastocyst 
implantation,  and  in  general  produces  the  effects  on  the  reproductive  system 
caused  by  hypophysectomy. 

The  phenomena  under  consideration  seem  no  more  than  the  manifesta¬ 
tions  of  the  antigen  power  of  a  protein  hormone.  The  hormone  functions 
in  the  strictest  sense  as  an  enzyme  which  in  turn  has  the  power  of  catalyzing 
the  formation  of  antibodies.  The  antihormone  or  antibody  is  then  a  dis¬ 
placing  agent  preventing  the  reaction  of  the  hormone  in  its  enzymatic  or 
hormonal  function  with  its  normal  substrate.  It  should  be  emphasized  that 
there  are  many  who  incline  to  the  view  that  antihormones  are  formed  as 
the  result  of  contamination  of  hormone  preparations  (Evans  and  Simpson, 
1950).  Even  if  this  were  true,  hapten  function  by  the  hormone  would  have 

to  be  conceded. 

Aside  from  the  antagonism  of  antihormone  and  hormone,  there  has 
accumulated  ample  evidence  to  establish  the  mutually  antagonistic  power  of 
protein  or  polypeptide  hormones.  One  example  of  the  opposing  effects  of 
these  hormones  is  the  action  of  growth  hormone  and  of  adrenocorticotropic 
hormone  on  nitrogen  metabolism.  The  growth  hormone  causes  a  retention 
of  nitrogen  (Marx  et  al.,  1942).  On  the  other  hand,  ACTH  causes  weight 
loss  and  increased  excretion  of  nitrogen  (Evans  et  al.,  1943;  Moon,  19  , 

Noble  and  Collip,  1941).  When  the  two  hormones  are  g.ven  together, 
weight  increase  in  the  hypophysectomized  animal  is  reduced  or  abolished 
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(Marx  et  al.,  1943;  Noble  and  Collip,  1941).  The  ACTH  has  apparently 
displaced  the  growth  hormone  from  those  receptor  sites  which  normally 
form  its  substrate. 

Another  experimental  design  for  the  demonstration  of  antagonism  be¬ 
tween  growth  and  adrenocorticotropic  hormone  is  that  used  by  Becks  et  al. 
(1944),  involving  the  osseous  system.  ACTH  retards  chondrogenesis  and 
osteogenesis  in  the  region  of  the  proximal  epiphysis  of  the  tibia.  In  the 
hypophysectomized  animal,  ACTH  can  do  nothing  to  the  already  inactive 
epiphysis;  the  growth  hormone  causes  a  resumption  of  activity.  When  the 
two  are  given  together,  the  effects  indicate  antagonism  as  reflected  in  width 
of  epiphyseal  cartilage,  endochondral  bone  formation,  osteoblastic  and 
osteoclastic  activity,  and  regularity  of  cartilage  columns. 

The  hypophysectomized  animal  exhibits  hypersensitivity  to  insulin.  This 
abnormal  sensitivity  is  corrected  by  the  administration  of  extracts  of  the 
anterior  pituitary  (Russell,  1938,  1942),  an  effect  referred  to  as  a  “dia¬ 
betogenic  action.  Specifically,  the  diabetogenic  factor  of  the  anterior 
pituitary  has  been  tentatively  identified  as  the  growth  hormone  (Shipley  and 
Long,  1938;  Young,  1939,  1945).  It  remained  for  De  Bodo  et  al.  (1950) 
to  establish  the  growth  hormone  as  the  factor.  In  their  experiments,  the 
insulin  hypersensitivity  was  completely  abolished  by  this  factor  and  con¬ 
comitantly  an  impairment  of  glucose  tolerance  developed. 

The  mechanism  of  action  of  the  growth  hormone  in  producing  a  dia¬ 
betogenic  action  has  been  considered  by  Anderson  and  Long  (1947)  who 
studied  the  elaboration  of  insulin  by  the  isolated  perfused  pancreas.  They 
found  that  insulin  was  normally  secreted  in  response  to  elevated  blood  su^ar 
levels  The  growth  hormone  prevented  the  release  of  the  insulin.  As&  a 
manifestation  of  biological  antagonism,  this  observation  could  be  in¬ 
terpreted  as  being  due  to  displacement  by  the  polypeptide  hormone  of  the 
glucose  from  a  reaction  site  on  the  insulin  molecule  or  on  the  receptor 
mechanism  which  stimulates  secretion  of  the  insulin 
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broad,  i.e.,  a  protein  in  globular  form  may  be  an  enzyme  of  specific  type 
while  the  same  protein  in  fibrous  form  will  possess  no  similar  activity. 

The  details  of  protein  structure  and  surface  nature  will  form  the  basis 
of  the  future  science  of  biological  antagonism.  It  is  after  all  the  structural 
surface  characteristics  which  determine  reaction  sites  and  therefore  the 
degree  of  specificity  seen  in  any  inhibitory  phenomenon.  Coenzymes,  sub¬ 
strates,  and  other  correlatives  of  the  protein  enzyme  moiety  are  but  mani¬ 
festations  of  the  complementariness  of  reaction  sites  and  reacting  material. 

Immunology  is  a  subdivision  of  the  science  of  biological  antagonism. 
Antigens,  including  those  of  a  toxic  nature,  are  enzymatic  in  character.  The 
toxic  effect  is  due  to  the  action  of  the  antigen-enzyme  on  a  substrate 
normally  present  in  the  host  tissue,  producing  a  toxic  chemical.  Another 
function  of  the  antigen-enzyme  is  the  elicitation  of  the  formation  of  the 
antibody  from  serum  globulins.  The  antigen-enzyme  in  this  reaction  is  act¬ 
ing  upon  its  substrate,  the  globulin  of  the  serum,  and  the  product  of  the 
reaction  is  the  antibody.  The  antibody  in  the  case  of  the  toxin  is  no  more 
than  a  displacing  agent,  preventing  the  action  of  the  antigen-enzyme  on  a 
substrate  which  would  be  converted  into  a  toxic  chemical.  The  complemen¬ 
tary  structure  of  the  antibody  simply  coats  the  antigen-enzyme,  thus  block¬ 
ing  the  substrate  reaction  sites. 

The  artificial  antigens  prepared  from  simple  hapten  units  unfolded  worlds 
of  information  on  biological  inhibition.  The  simple  hapten  possessed  the 
power  of  blocking  the  formation  of  artificial  antigen-antibody  precipitates, 
and  this  fact  permitted  the  most  intimate  and  detailed  analysis  of  structure 
and  biological  specificity.  In  this  connection,  the  theory  is  offered  that  the 
same  physico-chemical  forces  form  the  basis  of  enzymatic  inhibition  by 
substrate  analogues,  of  simple  hapten  interference  phenomena  and  isomor¬ 
phism  in  crystals.  In  addition,  it  can  be  stated  that  in  general  chemicals 
which  in  an  enzyme  system  function  as  substrate  and  displacer  will  exhibit 
the  hapten  interference  phenomenon  if  artificial  antigens  can  be  made  with 
either  and  finally,  will  together  form  double  crystals.  . 

The  proposition  is  restated  that  all  proteins  under  the  right  conditions  in 
the  proper  environment  or  testing  system,  will  function  as  enzymes.  Further 
antigens  viruses,  genes,  enzymes,  and  protein  hormones  represent  the 
autocatalytic  character  of  proteins  and  their  spec.ficity  is  determined  y 
haptens  whether  these  haptens  be  amino  acid  segments  or  nonam.no  acid 
in  nature.  The  term,  hapten,  is  in  this  sense  equivalent  to  coenzyme,  co- 

faThe  sphere  of  biological  antagonism  is  not  alone  that  of  the  simple  mole¬ 
cules,  the  small  unit,  functioning  as  substrates;  . " 
macromolecules  which  may  be  said  to  possess  •  . 

phenomenon  which  is  seen  among  the  viruses  is  compe “£ ""“.ions, 
scale  involving  molecules  with  molecular  weights  well  into  the  million 


Bibliography 


219 


Biological  antagonisms  are  known  between  any  of  the  following  pairs  of 
macromolecules:  antigen-antibody,  enzyme-enzyme,  enzyme-virus,  virus- 
virus,  enzyme-antibody,  denatured  enzyme-enzyme.  In  addition,  there  is 
no  necessary  correlation  between  displacer  and  displaced  substance  as  is 
seen  in  the  displacement  of  urea  from  its  reaction  site  on  the  urease  surface 
by  the  corresponding  antibody.  The  interpretation  here  is  that  competition 
is  direct  between  urea  and  antibody  for  the  reactive  surface  site  on  the 
enzyme. 
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Chapter  1 1 


METABOLITE  ANALOGUES  OF  PANTOTHENIC  ACID 

ch3  oh 

I  I 

HO — CHj — C - C — CO — NH — CH. — CHL> — COOH 


CH,  H 

Pantothenic  acid 


(+)’a,y-Dihydroxy-/?,/^dimethylbtityryl-/2,-alanide 


1.  Analogues  with  /3-Alanine  Moiety  Modification,  Including  /3-Alanine  Ana¬ 
logues. 

2.  Analogues  with  Pantoic  Acid  Moiety  Modification. 

3.  Analogues  with  Both  Pantoic  Acid  and  /3-Alanine  Moiety  Modification 

4.  Compounds  Reported  to  Act  by  Virtue  of  Interference  with  Pantothenic  Acid 
Metabolism. 

5.  In  Vivo  Studies, 
a.  Antibacterial. 

h-  Production  of  Pantothenic  Acid  Deficiency. 

c.  Antimalarial  Studies. 

d.  Trichomoniasis. 

6.  Recapitulation. 


those  which  require  the  pantoic  acid  moietv 


been  established. 

Chemically,  pantothenic  acid 


ac.d  can  be  regarded  as  a  peptide  of  /3-alanine 
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and  pantoic  acid.  Modifications  in  the  molecule  for  the  production  of 
effective  metabolite  analogues  might  be  affected  by  alteration  of  either  the 
/3-alanine  moiety  or  the  pantoic  acid  moiety  or  both.  The  free  carboxylic 
radical  suggests  an  obvious  point  of  attack. 


Analogues  with  /3-Alanine  Moiety  Modification, 
Including  /3-Alanine  Analogues 


Pantoyltaurine,  N-(a,y-dihydroxy-/3,/3-dimethylbutyryl)  taurine,  was 
the  first  metabolite  analogue  of  pantothenic  acid  with  a  /3-alanine  moiety 
modification  synthesized  and  studied.  Three  groups — Snell  (1941)  in  the 
United  States,  Kuhn  and  his  co-workers  in  Germany  (1941 ),  and  Mcllwain 
(1942)  in  England,  each  working  independently  of  the  others — published 
their  findings  at  approximately  the  same  time. 

Snell  (1941)  prepared  pantoyltaurine,  the  sulfonic  acid  analogue,  and 
found  that  it  inhibited  the  growth  of  microorganisms  requiring  pantothenic 
acid.  With  those  organisms  capable  of  synthesizing  pantothenic  acid,  the 
sulfonic  acid  analogue  had  no  toxic  action,  nor  was  it  toxic  to  organisms 
which  could  utilize  /3-alanine. 

Kuhn  et  al.  (1941)  emphasized  the  variation  in  potency  of  the  optical 
isomers  of  pantoyltaurine.  With  a  constant  concentration  oi  pantothenic 
acid  (0.05y  of  d-pantothenic  acid  per  cc.)  and  increasing  amounts  of 
pantoyltaurine,  about  100y  per  cc.  of  the  d-pantoyltaurine  sufficed  to  re¬ 
press  growth  of  Streptobacterium  plantarum  for  48  hours,  whereas  more 
than  3500y  of  the  levo  compound  was  required  to  produce  the  same  effect. 
The  growth  concentration  curves  showed  that  the  dextro  compound  was  25 
times  more  potent  than  the  levo  pantoyltaurine.  The  probability  of  con¬ 
tamination  of  the  levo  compound  by  dextro  was  such  as  to  suggest  that  the 
levo  compound  possessed  no  inhibiting  power  whatever.  Some  concentra¬ 
tions  of  /3-alanine  and  a-hydroxy-/3,/3-dimethyl-y-butyrolactone  counter¬ 
acted  the  effect  of  pantoyltaurine,  which  observation  is  in  conlormity  wi 


that  of  Snell  (1941).  ... 

Mcllwain  (1942)  had  prepared  three  pantothenate  analogues  whic 

were  effective  but  had  less  affinity  for  the  pantothenic  acid  enzyme  reaction 
site  than  did  the  vitamin.  The  compounds  were  pantoyltaurine  (Fig  > 
with  antistreptococcal  index  of  500  (i.e.,  500  times  the  concentration  of 
pantothenate^ present  was  required  to  prevent  the  growth  of  £ePtoco«n) 
and  an  antipneumococcal  index  of  1000;  pantoyltauramide  (ftfr  - )  »  ' 
values  of  100  and  10,000;  and  homopantoyltaunne  (Fig.  2)  which  was  I 

pam^^^rtne^leas^Barneu'an^Robinson  G(  1942*)  prepared  the 
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Table  1 


Metabolite  Analogues  of  Pantothenic  Acid  in 
Which  the  /3-Alanine  Moiety  Has  Been  Modified 


Compound 


Activity 


Reference 


Pantoyltaurine 


Pantoyltauramide 


a-Methylpantothenic  acid  . 

Panthydrazide  . 

Pantoyldialkylaminoalkylamines 

Pantoyl-/3-aminoethylphenylsulfones 
and  substituted  compounds  of  this 

type  . 

N-Pantoyl-/3-aminoethylthiol 

Bis-(pantoyl-/3-aminoethyl)  monosu 
fide,  disulfide,  sulfoxide,  sulfone  . 

N-Pantoylethanolamine, 
N-pantoyl-n-propylamine . 

N-Pantoylglycine  . 


N-Pantoyl-/S-aminoisobutyric 

N-Pantoyl-4-amino-2-butanol 

N-Pantoyl-/3-aminobutyric 


N-Pantoylisoserine 


N-Pantoylalkylamines 

N-Pantoyl-p-methoxyethylaniine 

N-Pantoyl-p-phenylethylamine 

Pantothenonitrile 

Pantothenylamine 

Pantoyl-a-aminovaleric  acid 

Pantoyl-e-aminocaproic  acid 

Pantoylvaline 

Pantoylserine 

Pantoylasparagine 

Pantoy  lphenylalanine 

Pantoylsulfanilamide 

Pantoyl-p-aminobenzoic  acid 

Phenyl  pantothenone 

Pantothenyl  alcohol 

D-[2-(Pantoylamino)ethylsulfonol 

4-nitroanilide 


+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 


+ 

+ 

+ 


Snell,  1941;  Kuhn  et  al.,  1941; 
Mcllwain,  1942,  Barnett  and 
Robinson,  1942 

Mcllwain,  1942;  Barnett  and 
Robinson,  1942 

Pollack,  1943 

Madinaveitia  et  al„  1945 

Madinaveitia  et  al„  1945 

Madinaveitia  et  al.,  1945;  Senear 
et  al.,  1947 

Barnett,  1944 
Barnett,  1944 

Snell  and  Shive,  1945 

Snell  and  Shive,  1945;  Nielsen 
and  Roholt,  1945 

Snell  and  Shive,  1945 

Snell  and  Shive,  1945 

Snell  and  Shive,  1945;  Nielsen 
and  Roholt,  1945 

Snell  and  Shive,  1945;  Nielsen 
and  Roholt,  1945 

Shive  and  Snell,  1945 

Shive  and  Snell,  1945 

Shive  and  Snell,  1945 

Shive  and  Snell,  1945 

Shive  and  Snell,  1945 

Nielsen  and  Roholt,  1945 

Nielsen  and  Roholt,  1945 

Nielsen  and  Roholt,  1945 

Nielsen  and  Roholt,  1945 

Nielsen  and  Roholt,  1945 

Nielsen  and  Roholt,  1945 

Nielsen  and  Roholt,  1945 

Nielsen  and  Roholt,  1945 

Woolley,  1944,  1945 

Snell  and  Shive,  1945 

Winterbottom  et  al.,  1947; 

Cohen  et  al.,  1949 
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Table  1 — ( Continued ) 


Compound  Activity  Reference 

+  Lutz  et  al.,  1947 


( +  )  -p-Chlorophenylpantothenone 

( +  )-p-Tolylpantothenone,  also 
corresponding  alcohol 

dl-N-Pantoyl-/3-phenylethylamide  .  .  . 

Pantoyl-/3-aminoethylphenylsulfide 

Pantoyl-j3-aminoethylphenylsulfoxide 

Pantoyl-/3-aminoethyl-p-chlorophenyl 
sulfide  &  sulfone  . 

d-N2-(  Pantoyltauryl)-2- 

aminopyridine  . 

d-N2-(Pantoyltauryl)-2- 

aminopyrimidine  . 

d-N2-(Pantoyltauryl)-2- 

aminothiazole  . 

d-Pantoyltaurylaminocyclohexane  . . 

d-Pantoyltaurylaminooctadecane 

Pantoyltauryl-9-aminoanthracene 

d-[2-(Pantoylamino)-ethylsulfono]- 
4-aminoanilide  . 

d-2-[2-(  Pantoylamino) -ethyl- 

sulfonamido]-5-chloropyridine  .  . . 

d-2-[2-(  Pantoylamino) -ethyl- 
sulfonamido]-5-bromopyridine 

d-2-[2-  ( Pantoylamino )  -ethyl- 

sulfonamido]-5-chloropyrimidine 

d-2-[2- (Pantoylamino  )-ethyl- 

sulfonamido]-5-bromopyrimidine 

d-2-[2-(  Pantoylamino  )-ethyl- 

sulfonamidoj-quinoline  . 

d-[2-(  Pantoylamino)  -ethyl- 

sulfonamido]-benzene  . 

d-[2-(  Pantoylamino  )-ethyl- 

sulfonamido]-4-chlorobenzene 

d-[2-(  Pantoylamino  )-ethylsulfon- 
amido]-3,5-dibromobenzene 

d-[2-(  Pantoylamino)  -ethyl- 

sulfonamido]-4-toluene  . 

d-[2-(  Pantoylamino  )-ethyl- 

sulfonamido]-4-methoxybenzene 

d-[2-(  Pantoylamino)  -ethyl- 

sulfonamido]-4-carboxy  benzene 

d-2-[2- ( Pantoylamino )  -ethyl- 

sulfonamido]-naphthalene 


+  Senear  et  al.,  1947; 

Singher  et  al.,  1948 


+  Mead  et  al.,  1946; 

Winterbottom  et  al.,  1947 


+  Winterbottom  et  al.,  1947 


+ 


+ 

+ 
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taurine  and  tauramide  analogues  and  obtained  similar  biological  results. 

Results  obtained  by  Mcllwain  (1942)  with  Proteus  morganii  indicate 
that  the  same  enzyme  systems  are  probably  not  affected  in  all  cases.  Proteus 
morganii  required  practically  the  same  amount  of  pantothenate  as  the 
sensitive  streptococci  but  it  required  100  times  as  much  pantoyltaurine  to 
inhibit  morganii  as  to  inhibit  the  streptococci.  All  sensitive  organisms  con¬ 
sidered  by  Mcllwain  needed  added  pantothenate  for  optimal  growth.  Grada¬ 
tions  from  complete  sensitivity  to  complete  resistance  occurred  in  one  and 
the  same  microorganism,  namely  Corynebacteriwn  diphtheriae.  The  amount 
of  pantothenate  produced  by  resistant  bacteria  (concentration  in  situ)  was 
insufficient  to  antagonize  the  effects  of  the  taurine  analogue  on  a  sensitive 
organism  (pantothenate  added).  This  would  imply  that  the  pantothenate 
produced  in  situ  is  more  effective  as  a  reversing  agent  than  added  panto¬ 
thenate. 


Mcllwain  (1942)  emphasizes  the  point  that,  in  contrast  to  the  sulfanilic 
acid-sulfanilamide  interrelationship,  pantoyltaurine  is  more  effective  than 
its  amide.  The  inhibitions  produced  by  the  two  are  of  a  single  type  in  con¬ 
tradistinction  to  that  of  pyridine-3-sulfonic  acid  and  its  amide  where  the 
action  is  directed  specifically  against  nicotinic  acid  or  against  nicotinamide. 

As  an  example  of  quantitative  relations,  concentrations  of  pantothenate 
10  7  molar  were  inhibited  by  pantoyltaurine  at  levels  of  2  X  1CH5  molar 
where  streptococci  were  the  test  organisms  (Mcllwain  1942a). 

Mcllwain  (1944),  extending  his  studies  of  the  basic  mechanisms  in¬ 
volved  in  the  action  of  pantoyltaurine,  came  to  the  conclusion  that  panto¬ 
thenate  is  important  to  microorganisms  because  the  products  to  which  it 
normally  leads  are  necessary  in  adequate  concentrations  for  normal  growth. 
He  reached  this  hypothesis  following  a  study  of  the  growth  of  streptococcal 
cultures  as  reflected  in  their  gaseous  metabolism.  Apparently  pantoyltaurine 
acts  by  lowering  the  rate  of  formation  of  these  products  of  pantothenic  acid 
me  a  olism  to  such  an  extent  that  the  growth  rate  is  reduced.  Further  work 
a  ong  these  lines  led  Mcllwain  and  Hughes  (1944)  to  observe  a  reaction 

JrlytlC  SJ,reptOCOCCI’  living  pantothenate  usage,  inhibited  by  pan¬ 
toyltaurine  and  associated  with  carbohydrate  metabolism.  Pantothenate  dis¬ 
appeared  from  streptococcal  cultures  due  to  a  reaction  for  which  the  organ- 

,bUt  WhiCh  WaS  independcnt  of  thdr  Wand 
sedated  wtoSthme  of  T  ^  SUPP'y  but  - 

much  as  the  concentrations  of  mn’m  it  •  d  °  he  conclusion  that  inas- 

Hsm  varied  independently  of  ihe  rateTw^'h*'"8  8r°Wth  "  metab°- 

y  OI  me  rate  at  which  organisms  inactivated 


230 


Metabolite  Analogues  of  Pantothenic  Acid 


pantothenate,  or  performed  the  glycolysis  which  was  associated  with  panto¬ 
thenate  catabolism  whether  pantoyltaurine  resistant  or  not,  there  was  no 
basis  for  considering  the  number  of  receptor  sites  greater  in  resistant  than 
in  sensitive  bacteria.  The  receptors  however  appear  to  differ  qualitatively. 

Mcllwain  and  Hughes  (1945)  demonstrated  a  correlation  between  the 
capacities  of  pantoyltaurine  to  inhibit  growth  of  bacteria  and  to  prevent  the 
inactivation  of  pantothenic  acid  by  these  bacteria  during  glycolysis.  The 
failure  of  pantoyltaurine  concentrations  for  growth  inhibition  to  correlate 
with  pantothenate  inactivation  by  different  organisms  combined  with  the 
existence  of  such  correlation  for  any  given  organism  is  additional  justifica¬ 
tion  for  the  concept  of  qualitative  receptor  difference.  These  workers 
studied  14  compounds  structurally  related  to  pantothenate  and  found  seven 
which  inhibited  the  growth  of  hemolytic  streptococci  and  the  inactivation  of 
pantothenate,  the  two  activities  being  directly  correlated.  Five  compounds 
affected  neither  process;  two  compounds  which  inhibited  growth  and  which 
were  not  antagonized  by  pantothenate  did  not  affect  pantothenate  inactiva¬ 
tion.  In  the  series  studied  by  these  investigators,  the  compounds  which 
inhibited  pantothenate  inactivation  were  all  amides  of  pantoic  acid.  A  latent 
period  for  activity  of  pantoyltaurine  against  /3-hemolytic  streptococci  is 
observed  (Mcllwain,  1945).  Low  concentrations  of  pantoyltaurine  will 
prevent  commencement  of  the  bacterial  growth,  but  if  the  growth  has 
started,  the  addition  of  even  relatively  high  concentrations  will  not  affect  its 
progress  until  after  a  latent  period  of  an  hour  or  more.  The  reverse  is  also 
true-  the  effect  of  pantothenic  acid  in  counteracting  the  antibacterial  action 
of  pantoyltaurine  is  a  delayed  one.  The  inhibition  of  pantothenate  inactiva¬ 
tion  by  pantoyltaurine  is  an  immediate  reaction.  Mcllwain  (1945)  indicates 
that  the  latent  period  for  activity  of  pantoyltaurine  on  growth  in  an  already 
.rowing  culture  is  due  to  the  presence  in  the  cells  of  the  preformed  meta¬ 
bolic  products  of  pantothenic  acid  which  are  the  true  growth  factors.  This 
work  by  Mcllwain  implies  the  existence  of  molecules  of  the  type  ot 
coenzyme  A  (Lipmann  et  al.,  1947)  and  foreshadows  the  failure  ot  metab¬ 
olite  analogues  of  pantothenic  acid  to  affect  the  action  o  pre  orme 
enzyme  A  (Novelli  and  Lipmann,  1948;  Martin  et  al.,  1  -  )• 

Further  work  on  the  possible  displacement  of  p-aminobenzoic  acid  and 
of  pantothenic  acid  from  microbial  cells,  confirmed  his  earlier  findings  and 
caused  Mcllwain  (1944a,  1945a)  to  state  that  no  displacement  occurr 
and  to  conclude  that  these  substances  act  as  bacteriostatic  agents  by  p 

metabolite  Iny  more  than  it  implies  ^^IdLgTrciemothera- 
reaction  site.  An  agent  that  acts  by  pre  g .  ®  In  this  0bserva- 

peutic  agent  on  a  cell  structure  is  equally  a  displacing  c  g 
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tion  of  Mcllwain  (1945a)  we  have  additional  material  which  can  be  in¬ 
tegrated  into  the  coenzyme  A  concept. 

In  1943,  Pollack  synthesized  a  new  and  interesting  analogue  of  panto¬ 
thenic  acid  .  .  .  a-methylpantothenic  acid.  This  compound  had  a  repres¬ 
sive  action  for  the  growth  effect  of  the  vitamin  on  Lactobacillus  casci  and 
the  action  could  be  overcome  by  the  addition  of  more  pantothenic  acid. 
Under  certain  conditions,  this  a-methyl  homologue  acted  as  a  growth  stimu¬ 


lant. 


Several  other  groups  of  analogues  have  been  reported  with  ^-alanine 
moiety  modifications.  Thus,  Madinaveitia  et  al.  (1945)  prepared  pant- 
amides  related  to  pantothenic  acid,  including  panthydrazide,  the  amides  of 
dialkylaminoalkylamines,  and  substituted  aminoethylphenyl  sulfones. 
Several  exhibited  marked  antagonism  toward  pantothenic  acid  with  respect 
to  growth  of  Lactobacillus  casei  and  Streptococcus  hemolyticus.  Of  those 
examined  for  therapeutic  activity  in  rats  infected  with  streptococci,  only 
one,  di-/?-(N-pantoyIaminoethyl)-p-aminophenyl  sulfone,  showed  any  ac¬ 
tivity  and  that  but  slight. 

Among  other  analogues  of  pantothenic  acid  of  this  type  are  the  sulfur- 
containing  substances  (Barnett,  1944)  which  include  N-pantoyl-/3-amino- 
ethylthiol,  bis(pantoyl-/?-aminoethyl)  monosulfide,  disulfide,  sulfoxide,  and 
sulfone.  None  was  more  active  than  pantoyltaurine  against  Lactobacillus 
arabinosus,  but  the  disulfide  and  the  thiol  had  an  almost  equal  inhibitory 
action,  which  was  reversed  by  pantothenic  acid.  In  vivo  tests  showed  these 
compounds  were  not  superior  to  pantoyltaurine.  Three  aryl  substituted 
analogues  of  pantoyltaurine  were  prepared  (Barnett  et  al.,  1944)  but  none 
showed  activity  either  in  vivo  or  in  vitro. 


Snell  and  Shive  (1945)  prepared  pantothenyl  alcohol,  N-pantoylethanol- 
amine,  N-pantoylglycine,  N-pantoyl-n-propylamine,  N-pantoylallylamine, 
and  N-pantoylethylamine.  The  susceptibility  of  various  microorganisms  to 
growth  inhibition  by  pantothenyl  alcohol  and  pantoyltaurine  differed 
markedly;  an  organism  may  be  sensitive  to  one  and  resistant  to  the  other. 
The  sensitivity  of  Leuconostoc  mesenteroides  for  the  compounds  varied  as 
follows:  pantothenyl  alcohol  >  pantoylethanolamine  >  pantoylallylamine 
>  pantoylpropylamine  >  pantoylethylamine  >  pantoylglycine 
N-Pantoyl-4-amino-2-butanol,  sodium  N-pantoyl-/?-arninobutyrate  so- 
dium  N-pantoy!  ^aminoisobutyrate  and  N-pantoylisoserine  were  prepared 

Shfve ei94MyATf  'nveSt‘8ators  <Shive  a"d  Snell,  1945d  and  Snell  and 
Shive  1945).  All  of  the  compounds  inhibited  the  growth  of  microorganisms 

which  require  pantothenic  acid.  The  inhibition  was  competitive  in  natTe 

“>•  "« 
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phenylethylamine,  dl-pantothcnonitrile,  dl-pantothenylamine.  All  inhibited 
the  growth  of  pantothenic  acid  requiring  microorganisms,  the  effect  in  each 
case  being  counteracted  by  pantothenic  acid. 

The  quest  for  highly  effective  pantothenic  acid  displacers  caused  Nielsen 
et  al.  (1944)  to  extend  their  studies  of  analogues  of  /3-alanine  and  to  in¬ 
clude  those  of  pantothenic  acid.  They  reported  no  growth  inhibiting  action 
of  methyl  pantothenic  acid  against  Streptobacterium  plantanun.  In  1945, 
their  work  (Nielsen  and  Roholt,  1945)  was  extended  to  a  series  of  pantoyl 
amino  acids  including  pantoyl-/3-aminobutyric  acid,  pantoyl-8-aminovaleric 
acid,  pantoyl-e-aminocaproic  acid,  pantoylglycine,  and  pantoylisoserine. 
These  were  all  active.  Pantoylvaline,  pantoylserine,  pantoylasparagine, 
pantoylphenylalanine,  and  pantoylsulfanilamide  were  inactive.  Pantoyl-p- 
aminobenzoic  acid  was  an  inhibitor  of  bacterial  growth  but  its  action  was 
not  that  of  an  antivitamin. 

Woolley  (1944,  1945)  states  that  phenyl  pantothenone  (N-(a,y-dihy- 
droxy-/?,/?-dimethylbutyryl )  -1  -aminoethylphenyl-ketone )  acted  competi¬ 
tively  with  pantothenic  acid.  This  molecule  represents  a  — CO — R  re¬ 
placement  of  a  carboxyl  radical.  Methyl  pantothenone  inhibited  bacterial 
growth  but  was  not  counteracted  by  pantothenic  acid.  Aminoethylphenyl- 
ketone  was  ineffective. 

Extending  his  observation  with  phenylpantothenone,  Woolley  (1946) 
found  that  the  inhibitory  action  of  this  molecule  could  be  reversed  by  cer¬ 
tain  amino  acids  in  all  species  examined.  This  was  in  contrast  to  his  finding 
(1944,  1945)  that  the  antimicrobial  action  of  phenylpantothenone  was 
reversed  by  pantothenic  acid  only  in  those  species  which  were  stimulated  in 
growth  by  this  vitamin.  For  Saccharomyces  cerevisiae,  histidine  was  the 
most  active  amino  acid.  Glutamic  acid,  proline,  aspartic  acid,  asparagine, 
glycine,  serine,  threonine,  alanine,  and  lysine  all  displayed  some  activity. 
The  other  amino  acids  were  inactive.  Woolley  emphasizes  the  fact  that  this 
finding  is  not  unique  in  the  study  of  the  relationships  of  metabolites  and 
their  competing  analogues.  It  is  seen  in  the  p-aminobenzoic  acid-sulfanil¬ 
amide  system,  wherein  methionine  and  adenine  are  capable  of  displacing 
the  antibacterial  action  of  sulfonamides.  This  polyphasic  displacement 
specificity  is  a  result  of  the  complexity  and  multiplicity  of  metabolic  chan- 
nels. 

An  interesting  relationship  is  to  be  noted  between  this  work  and  that  of 
Ravel  and  Shive  (1946)  who  reported  the  capacity  of  cysteic  acid  to  pre¬ 
vent  the  synthesis  of  pantothenic  acid  in  Escherichia  coli  by  blocking  the 
enzymatic  decarboxylation  of  aspartic  acid  to  /3-alamne,  an  observation 
which  demonstrates  further  the  extreme  complexity  of  the  application  of 
the  metabolite  displacer  concept  to  chemotherapy. 

It  is  perhaps  true  that  a  molecule  as  complex  as  d-(2-(pantoylamino)- 
ethylsulfono) -4-nitroanilide  should  be  placed  in  a  class  by  itself;  it  is 
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mentioned  here,  however,  because  the  pantoic  moiety  is  intact.  Cohen  et 
al.  (1949)  synthesized  the  molecule  and  report  it  as  an  effective  antagonist 
of  coenzyme  A. 


(3- A  lanine  A  nalogues 

/3-Alanine  is  considered  with  pantothenic  acid  rather  than  in  the  section 
on  amino  acids  because  its  main  function  is  as  a  precursor  of  this  vitamin. 
Nielsen  and  Johansen  (1943)  found  that  a  5000  fold  concentration  of  (3- 
aminobutyric  acid  (Fig.  1 )  nullified  the  growth  promoting  action  of  /3- 
alanine  on  yeast.  They  also  tested  isoserine  (a-oxy-/3-aminopropionic  acid) 

NH-> 

I 

CH;1 — CH — CH- — COOH 

/3-Aminobutyric  acid 

HNo — CFF — CFF — COOH 
/3-Alanine 


OH 

HN.,— CH2— CH— COOH 

Isoserine 

(a-hydroxy-/3-aminopropionic  acid) 

CH:{ 

Hl.N— CHL.— CH— COOH 

a-MethyI-/?-aIanine 

Fig.  I.  /3-Alanine  and  displacers. 

and  /3-methylaminopropionic  add  against  /J-alanine.  None  of  the  com¬ 
pounds  were  growth  factors  in  the  absence  of  /J-alanine  and  pantothenic  acW 
f  minobulyrtc  acid  and  isoserine  definitely  inhibited  the  growth  promot 
ing  action  of  ^-alanine,  the  inhibitory  effect  of  the  ff-aminobutyric  acid 

ean,So,  eeni:traddSeSThe  °ne  f  actio':  against 

>n  1944,  this  same  group  (Nielsen  e.  ah,  ,944)  reported  the  counter- 
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action  of  the  growth  promoting  effect  of  /2-alanine  in  yeast  by  another 
analogue,  phenyl-/2-alanine.  They  found  that  most  a-amino  acids  an¬ 
tagonized  /2-alanine.  Cysteine  and  methionine  caused  a  general  inhibitory 
action.  Along  these  same  lines,  antagonism  with  /2-alanine  has  been  demon¬ 
strated  by  Wright  and  Skeggs  (1946)  to  form  the  basis  of  the  bacteriostatic 
action  of  sodium  propionate  on  Escherichia  coli.  None  of  the  other  amino 
acids  studied  possessed  this  characteristic. 

Another  approach  to  the  problem  deals  with  the  prevention  of  the  forma¬ 
tion  of  pantothenic  acid.  This  would  reduce  itself  to  a  study  of  the  capacity 
of  pantoic  acid  analogues  to  inhibit  the  formation  of  the  vitamin.  Cheldelin 
and  Schink  (1947)  used  Acetohacter,  which  utilizes  pantoic  acid  as  readily 
as  the  intact  vitamin,  as  a  test  microorganism.  /2,/2-Dimethyl-y-hydroxy- 
butyric  acid;  a-hydroxy-/2,/2-dimethylbutyric  acid;  /2-methyl-/2,  y-dihydroxy- 
butyric  acid  all  competitively  inhibited  the  coupling  of  /2-alanine  to  pantoic 
acid  in  Acetohacter  suhoxydans.  Later,  this  same  laboratory  (King  et  al., 
1948)  recorded  the  reversal  by  pantothenic  acid  of  the  inhibition  of  growth 
of  Escherichia  coli  through  2-chloro-4-aminobenzoic  acid.  These  findings 

were  confirmed  by  Hartelius  (1943). 

Pollack  (1943)  synthesized  a-methyl-/2-alanine  (Fig.  1)  and  found  that 
it  could  replace  /2-alanine  as  a  growth  stimulant  for  Gebruder  Mayer  yeast, 
though  it  was  only  about  0.0006  as  potent.  At  higher  levels  this  compound 
showed  a  slight  repressing  action  on  the  growth  effect  of  /2-alanine.  One 
rather  unexpected  development  of  this  study  was  the  finding  that  a-methyl- 
r. alanine  was  antagonistic  where  a-methyl  pantothenic  acid  was  not;  this  in 
spite  of  the  probability  that  the  simpler  molecule  would  be  combined  into 

the  more  complex.  _  u 

This  observation  largely  discredits  the  proposals  of  Nielsen  and  Johansen 

(1943)  and  supports  the  concept  that  metabolite  analogues  of  /3-alamne 
act  by  prevention  of  the  formation  of  pantothenic  acid. 


Analogues  with  Pantoic  Acid  Moiety  Modification 

Mitchell  et  al.  (1940)  first  observed  an  effect  on  bacterial  growth  pro¬ 
duced  by  hydroxypanto.henic  acid,  which  Knight  (1945  )  later  suggested 
represented  a  type  of  inhibition  by  blockage  of  the  metabo hte  from  its  active 
rnzvmJ  site  Hydroxypantothenic  acid  is  therefore  not  only  the  first  metab¬ 
olite  antagonist^  pantothenic  acid  ever  reported  but  also  the  first  examp  e 

oi'rsr,.  i.p.Hich  r  ***** inas. 

d  „;Uon 

second  analogue  of  this  type  to  y  nantoyltauramide,  in 

mentary  to  that  of  certain  other  analogues  uch  as  pan.oy  ^  ^ 

that  the  compounds  were  effective  agains  ,-ve  against  a  strain 

This  analogue  (y-hydroxy-n-butyry  -£*-»■ ®n‘  ®  addedpantothenate, 

of  Corynebacterium  diphtheriae  which  did  not  require  P 
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CH, 

HO— CH,>— C— CH  (OH )— CO— N  H — C  H ,— CH  s — COO  H 
CH, 

Pantothenic  acid 

(a,y-dihydroxy-y3,/?-dimethylbutyryl-/?-alanide) 


CH,  O 

I  II 

HO— CH,— C— CH(OH)— CO— NH— CH,— CH,— S— OH 
CH,  O 


Pantoyltaurine 

(a,y-dihydroxy-/3,/?-dimethylbutyryl-taurine) 


CH, 


HO— CH,— C— CH(OH)— CH,— CO— NH— CH,— CH,— SO,H 
CH, 


Homopantoyltanrine 


CH,  O 

HO— CH,— C— CH— CO— NH— CH — CH _ S-NH, 

I  \  "  || 

CH,  OH  O 

Pantoyltauramide 


CH, — CH, — CH, — CO — NH — CH, — CH, — COOH 

y-Hydroxy-n-butyryl-/?-alanide 


CH,  OH  O 

HO  CH-  C - -C  CO  NH — CH2 — CFL — I — NH — \_NO, 

CH,  H  " 


O 


D-[2-(Pantoylamino)-ethylsulfonol-4-nitroanilide 

D-(pantoyltauryl)-4-nitroaniIide) 

Fig.  2.  Pantothenic  acid  and  displacers. 
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and  was  ineffective  against  those  which  did.  This  fundamental  difference 
was  interpreted  by  Mcllwain  (1942)  as  indicating  that  the  action  of  ana¬ 
logues  such  as  pantoyltaurine  is  one  of  primary  displacement  of  pan¬ 
tothenate,  whereas  the  other  analogue  (y-hydroxy-n-butyryl-/2-alanide) 
inhibited  the  formation  of  pantothenate  by  virtue  of  its  similarity  to  the 
product  of  an  enzyme  action. 

Clostridium  septicum  has  been  reported  as  incapable  of  synthesizing  the 
pantoyl  moiety  of  the  pantothenate  molecule  (Ryan  et  al.,  1945)  while  it 
can  synthesize  /2-alanine  and  is  able  to  couple  it  with  the  pantoyl  moiety 
if  this  is  present  in  the  medium.  This  organism  should  be  susceptible  to 
y-hydroxy-n-butyryl-/2-alanide  and  resistant  to  the  action  of  pantoyltaurine. 
Failure  of  pantoyltaurine  to  inhibit  the  growth  of  the  gonococcus  has  been 
reported  (Kimmig,  1943)  and  a  similar  situation  may  obtain  for  this  micro¬ 
organism. 

In  view  of  the  foregoing,  the  observation  of  Mcllwain  (1942)  to  the 
effect  that  a  tryptic  digest  of  casein  inhibited  the  action  of  the  y-hydroxy-n- 
butyryl-/2-alanide  on  Escherichia  coli  suggests  a  specific  structural  similarity 
to  some  amino  acid  resembling  the  y-hydroxy-n-butyryl  portion  of  the 
molecule,  which  would  be  serine  or  glutamic  acid.  It  will  be  recalled  that 
phenylpantothenone,  which  is  a  representative  of  the  series  with  /2-alanine 
moiety  modification,  is  also  counteracted  by  amino  acids  (Woolley,  1946). 


Table  II 

Metabolite  Analogues  of  Pantothenic  Acid  with  Pantoic  Acid  Moiety 

Modifications 

Compound  Activity  Reference 


( + )  -p-Hydroxy-y/y-dimethylvaleryl- 

/3-alanide . 

N-U-Hydroxy-/3,/3-dimethylbutyro)- 

/3-alanide . 

N-(/3-Methyl-jtf,y-dihydroxybutyro)- 
/3-alanide  . 

N-fy-Hydroxy-/i,/3-dimethylbutyro)- 

/3-alanide . 

N-(a,a-Dimethyl-j3-hydroxypropionyl)- 

/3-alanide 

B'-(a-Amino-/3,/9-dimelhyl-7-hydroxy- 
butyrylamino)  propionic  acid 

N-(  a.7-Dihydroxy-/3,/3-dimethy  Ivaleryl ) 

/3-alanide 

w-methylpantothenic  acid 

7-Hydroxy-n-butyryl-/3-alanide . 

Hydroxypantothenic  acid 
Salicyloyl-/3-alanide 

Mandelyl-/3-alanide  . 

Homopantoy  1-ft-alanide . 


+ 

Barnett  and  Robinson, 

1942 

+ 

Cheldelin  and  Schink, 

1947 

+ 

Cheldelin  and  Schink, 

1947 

+ 

Cheldelin  and  Schink, 

1947 

— 

Lipton  and  Strong,  1949 

— 

Holly  et  al.,  1948 

+ 

Drell  and  Dunn,  1946 

+ 

Mcllwain,  1942 

+ 

Mitchell  et  al.,  1940 

+ 

Moss  et  al.,  1948 

+ 

Moss  et  al.,  1948 

Mcllwain  and  Hughes, 

1945 

Multiple  Moiety  Modification 

Drell  and  Dunn  (1946)  synthesized  N-(a,y-dihydroxy-£,0-dimethyl- 
valeryl)-/?-alanide  and  demonstrated  its  capacity  to  displace  pantothenic 
acid.  The  compound  was  designated  as  w-methylpantothemc  acid. 

Another  group  of  molecules  in  which  metabolite  displacers  for  pan¬ 
tothenic  acid  were  produced  by  pantoic  acid  moiety  modifications  was  pre¬ 
sented  by  Moss  et  al.  (1948):  included  were  salicyloyl-/3-alanide  and 
mandelyl-/?-alanide. 

It  is  of  interest  to  note  that  a  subsequent  investigation  (Martin  et  al., 
1950)  of  the  capacity  of  a  series  of  pantothenic  acid  displacers  to  inhibit 
the  action  of  choline  acetylase  disclosed  that  only  salicyloyl-/3-alanide  pos¬ 
sessed  this  function  and  that  it  was  a  nonspecific  action,  being  incapable  of 
reversal  by  pantothenic  acid. 

These  findings  tend  to  invalidate  the  position  taken  by  Cheldelin  and 
Schink  (1947)  that  analogues  of  pantothenic  acid  are  generally  good 
growth  inhibitors  if  the  /3-alanine  structure  is  modified,  and  that  if  the 
pantoic  acid  moiety  is  modified,  the  compounds  are  slightly  stimulatory 
or  inert.  The  new  analogues  of  pantothenic  acid  prepared  in  their  study 
were  the  corresponding  /3-alanides  or  taurine  compounds  of  /?,/3-dimethyl- 
y-hydroxybutyric  acid,  a-hydroxy-/?,/3-dimethylbutyric  acid  and  /3-methyl- 
/?,y-dihydroxybutyric  acid. 

Another  analogue  of  pantothenic  acid  with  a  pantoic  modification  was 
prepared  by  Holly  et  al.  ( 1948)  and  designated  as  an  amino  analogue  .  .  . 
/?'(a-amino-^,/3-dimethyl-y-hydroxybutyrylamino) -propionic  acid.  The  mol¬ 
ecule  had  no  antagonistic  action  to  the  growth  effect  of  pantothenic  acid. 
Lipton  and  Strong  (1949)  prepared  in  crude  form  the  keto  analogue  of 
pantothenic  acid.  It  had  no  vitamin  activity  but  apparently  was  not  tested  as 
a  displacer.  Another  compound  of  their  series,  N-(a,a-dimethyl-/3-hydroxy- 
propionyl )  -/3-alanide  was  inactive  as  displacer  and  as  vitamin. 


Analogues  with  Both  Pantoic  Acid  and  /3-Alaninc  Moiety  Modification 

Homopantoyltaurine  synthesized  by  Mcllwain  (1942)  is  an  example 
of  an  effect, ve  metabolite  antagonist  in  which  both  the  pantoic  acid  and 
Ae  /J-alamne  motety  of  the  pantothenic  acid  molecule  have  been  changed 
While  homopantoyltaurine  possessed  a  lower  degree  of  activity  than  either 
pantoyl, aunne  or  pantoyltauramide,  i,  was  nevertheless  a  displacing 

ve^dsbyp^„Tctidofi,a::^“  s^ns  inhibiiory  activi* - 

pantothenic  acid  wa^em  ^  tha'  ““  a,pha  W™* 
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Table  111 


Metabolite  Analogues  of  Pantothenic  Acid  with  Modification  in  Both 


/3-Alanine  and 

Pantoic  Acid 

Moiety 

Compound 

Activity 

Reference 

N-(a-Hydroxy-/3,/S-dimethylbutyro)- 

taurine 

— 

Cheldelin  and  Schink, 

1947 

N-(a,y-Dihydroxy-/3-methyl-/3-ethyl- 
butyro)  taurine  . 

+ 

Wieland  and  Moller,  1948 

Homopantoyltaurine 

+ 

Mcllwain,  1942 

N-(/3-Hydroxy-7,7-dimethylvaleryl)- 

taurine 

+ 

Barnett  and  Robinson, 

1942 

N-(a,7-Dihydroxy-/3,/3-dimethylvaleryl) 
taurine  . 

+ 

Drell  and  Dunn,  1948 

N-(a,7-Dihydroxy-/3-jtf-dimethylvaleryl) 

leucine 

+ 

Drell  and  Dunn,  1948 

7-Hvdroxy-n-butyryltaurine 

+ 

Moss  et  al.,  1948 

N'-Diacetylpantoylsulfanilamide 

+ 

Moss  et  al.,  1948 

A  few  years  after  their  report  on  oj-methylpantothenic  acid,  Drell  and 
Dunn  (1948)  reported  the  corresponding  taurine  and  leucine  compounds 
of  a,y-dihydroxy-/3,/3-dimethylvaleric  acid.  The  taurine  compound  was  less 
active  than  the  /3-alanine  molecule,  and  the  leucine  analogue  least  active. 
A  comparison  of  the  activity  of  «-methylpantothenic  acid,  pantoyltaurine, 
and  w-methylpantoyltaurine  disclosed  the  fact  that  reaction  sites  blocked 
by  w-methylpantothenic  acid  and  pantoyltaurine  differed  and  that  the  hybrid 
molecule  w-methylpantoyltaurine  occupied  an  intermediate  position  seem¬ 
ing  to  possess  the  capacity  to  inhibit  both  types  of  reaction  position.  This 
work  discloses  again  the  probability  that  the  use  of  pantothenic  acid  dis¬ 
placer  types  in  conjunction  should  comprise  a  more  effective  chemotherapy 

or  pharmacological  reactor.  . 

Wieland  and  Moller  (1948)  synthesized  still  another  pantothenic  acid 
analogue  with  displacer  characteristics  in  which  both  the  pantoic  acid  and 
the  /3-alanine  moiety  of  the  structure  were  changed.  The  molecule  was 

N-(a,y-dihydroxy-/3-methyl-/3-ethylbutyro)  taurine. 


Compounds  Reported  to  Act  by  Virtue  of 
Interference  with  Pantothenic  Acid  Metabolism 


Ivanovics  (1942)  reported  a  relationship  between  the  pantothemc  add 
molecule  and  the  action  of  sodium  salicylate  as  a  bacterial  grow  h  tnhtbrtor. 

The  inhibitory  action  of  salicylate  was  counteracted  y  e  -d 

tothenic  acid,  ^-dihydroxy-^-dimethylbutync  aetd. 

and  salicylic  acid  phenyl  ester,  but  not  by  alanine ,  thtosal cyl c ,  or  sahey^ 
amide  The  suggestion  was  made  that  the  action  of  sa  icy  . 
centra, ions  is  3'ue  to  specific  effects  of  salicylate  on  *££ 

tothenic  acid.  These  observations  lead  to  speculation  th.  '  - 
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action  of  salicylates  may  be  due  to  the  inhibition  of  pantothenic  acid  for¬ 
mation  or  utilization  and  this  opens  a  field  for  the  testing  of  pantothenic 
acid  displacers.  Confirmation  and  extension  of  this  work  has  appeared 
(Ivanovics,  1942a;  Nitti  and  Faquet,  1944).  As  suggested  by  Ivanovics 
(1942),  antagonism  of  the  salicylate  inhibition  of  the  growth  of  Escherichia 
coli  is  a  characteristic  of  pantoic  acid  and  to  a  lesser  degree  of  pantolactone 
(Stansly  and  Schlosser,  1945;  Stansly  and  Alverson,  1946). 

A  second  aromatic  acid,  mandelic  (Perould  and  Greib,  1944)  functions 
by  virtue  of  its  interference  in  bacterial  metabolic  systems  involving  pan¬ 
tothenic  acid.  The  action  of  mandelic  acid  on  Escherichia  coli  was  found  to 
be  counteracted  by  0.000,001  M  pantothenic  acid. 

Mcllwain  (1943)  attempted  to  utilize  the  concept  of  a  synergism  by  a 
combination  of  a  pantothenic  acid  displacer  with  a  compound  preventing 
the  formation  of  this  vitamin,  when  he  demonstrated  the  action  of  salicylate 
and  pantoyltaurine  on  Proteus  morganii;  however,  the  salicylic  effect  was 
apparently  due  to  the  protein  denaturing  properties  of  salicylic  acid 
(Ivanovics,  1942).  A  most  unusual  finding  bearing  on  such  interrelation¬ 
ships  is  that  of  Stansly  and  Alverson  (1946)  who  demonstrated  an  antago¬ 
nism  between  pantoyltaurine  and  salicylate  on  the  growth  of  Escherichia  coli. 
Here  is  an  instance  in  which  two  antagonists  antagonize  each  other.  The 
liberation  of  pantoic  acid  from  pantoyltaurine  is  offered  as  the  explanation 
of  the  observed  effect. 

A  compound  which  differentiates  between  fibroblasts  and  epithelial  cells 
has  been  described  (Medawar  et  al.,  1943)  and  its  action  was  hypotheti¬ 
cally  attributed  to  inhibition  of  pantothenic  acid,  an  assumption  subse¬ 
quently  disproved.  The  compound  through  its  ability  to  prevent  growth 
of  fibroblasts  while  permitting  growth  of  epithelial  cells  should  prove 
valuable  in  controlling  wound  healing,  preventing  excessive  fibroblastic 
activity,  preventing  overgrowth  of  connective  tissue,  and  permitting  healing 
without  scarring.  The  compound  was  a-hexenolactone.  Activity  was  shown 
in  concentrations  of  0.006  mg.  per  cc.  a-Valerolactone  was  not  inhibitory. 

This  work  represents  an  attempted  application  of  the  principles  of  dis¬ 
placement.  The  fact  remains,  however,  that  there  are  differences  in  the  re¬ 
quirement  of  various  cellular  elements  of  the  body  for  given  factors  which  may 
make  it  possible  to  apply  the  concept.  That  there  are  all  grades  of  quantita¬ 
tive  and  even  qualitative  differences  in  requirements  among  cells,  bacteria 

animals,  etc.  is  the  very  basis  on  which  the  practical  application  of  struc¬ 
tural  displacement  stands. 

wiih^hpChk,a  fOU1d  lhat  While  Pamothenic  ac’d  did  not  interfere 

w,th  the  activity  of  hexenolactone,  /3-alanine,  a-alanine,  and  glutathione  did 

no6!  th  SfvS  vd  I*3' SPeC'fiC  metabolic  mechanism  involving  alanine  but 
.°‘  ha  t  iake^.tk°  the  b|osynthesis  of  pantothenic  acid,  was  the  basis  of  the 
lfferentiai  inhibition  and  differential  tissue  destruction  by  hexenolactone 
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An  extension  of  this  work  (Hauschka  et  ah,  1945)  using  the  planarian 
Dugesia  tigrina  showed  that  structural  isomers  closely  related  to  hexenolac- 
tone  (ascorbic  acid,  maleic  anhydride,  and  maleic  acid)  did  not  possess 
the  same  characteristics.  Cysteine  but  not  cystine  was  an  antagonist  of  this 
action  of  hexenolactone.  It  was  suggested  by  the  authors  that  antibiotics 
interfere  with  cellular  proliferation  mainly  through  their  reactivity  with 
sulfhydryl  essential  to  enzyme  functions.  Although  direct  antagonism  is  not 
a  factor  the  mechanism  is  classified  by  the  present  author  as  indirect  dis¬ 
placement  and  the  potentialities  remain  for  the  application  of  metabolite 
analogues  in  the  control  of  fibroblastic  activity  during  wound  healing. 


In  Vivo  Studies 

Antibacterial 

The  opinion  has  been  expressed  that  although  metabolite  analogues  offer 
excellent  tools  for  biochemical  research  they  will  not  prove  of  value  in 
a  practical  sense.  However,  the  in  vivo  work  done  to  date  demonstrates 
the  value  of  these  agents  in  biochemical  research  and  also  gives  substance 
to  the  claim  that  practical  applications  await  only  proper  study. 

Mcllwain  and  Hawking  (1943)  investigating  the  in  vivo  action  of 
pantoyltaurine,  arrived  at  some  conclusions  which  are  fundamental  to  the 
entire  concept  of  chemotherapy.  They  found  that  pantoyltaurine  was  rapidly 
excreted  by  rats  but  that  by  using  dosages  of  0.25  grams  per  100  grams, 
the  pantoyltaurine  ratio  to  pantothenate  could  be  kept  above  the  range 
necessary  for  in  vitro  action.  Rats  were  treated  for  four  days  and  were  then 
found  to  be  protected  from  approximately  1 0,000  LD  of  a  virulent  strain 
of  streptococcus  and  less  completely  protected  against  1,000,000  LD  Mice, 
whose  blood  pantothenate  is  much  higher  than  that  of  the  rat  or  of  man, 
were  not  protected.  Artificially  raising  the  blood  pantothenate  of  rats  also 
prevented  the  action  of  pantoyltaurine.  Sulfonamide  resistant  streptococci 
and  some  strains  of  Corynebacterium  diphtheriae  were  found  sensitive  to 

P  Clearly  the  rational  approach  of  chemotherapy  lies  partially  in  a  con 
side  io  of  relative  concentrations  of  any  given  metabolite  ne« 
life  of  tissue  eells  and  bacteria.  It  would  be  d.sastrous  to  use  a  d  spbee 
ment  compound  in  a  human  being  if  the  concentration  of  the  d>spb“d 
"ompoundPfor  the  life  of  the  tissue  cells  exceeded 
life  or  reproduction  of  the  microorganisms  in  question,  the  resr 
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prevent  undue  variation  in  metabolite  concentration  in  the  blood  stream 
which  would  introduce  an  element  of  unpredictability  concerning  the 
action  of  the  chemotherapeutic  agent. 

Substantiation  of  the  in  vivo  chemotherapeutic  activity  of  metabolite 
analogues  of  pantothenic  acid  has  come  from  several  different  laboratories. 
Di-/2-(N-pantoylaminoethyl)-p-aminophenyl  sulfone  was  therapeutically 
effective  against  Streptococcus  hemolyticus  infection  in  rats  (Madinaveitia 
et  al.,  1945)  and  the  sulfur  compounds  including  N-pantoyl-/?-amino- 
ethylthiol,  bis(pantoyl-/?-aminoethyl)  monosulfide,  disulfide,  sulfoxide,  and 
sulfone  were  active  in  vivo,  although  not  more  powerfully  than  pantoyl- 
taurine  (Barnett,  1944).  The  4-chlorophenyl  and  the  3,5-dibromophenyl 
amides  of  pantoyltaurine  were  found  effective  in  vivo  against  Streptococcus 
hemolyticus  infection  in  mice  (Winterbottom  et  al.,  1947). 

Additional  investigation  of  the  in  vivo  activity  of  pantothenic  acid  ana¬ 
logues  comes  from  the  work  of  White  et  al.  (1946).  Pantoyltauramido- 
benzene,  naphthalene,  pyridine,  pyrimidine,  and  quinoline  derivatives  were 
studied.  They  report  that  these  analogues  are  highly  active  in  a  hemolytic 
streptococcus  infection  in  mice.  Median  survival  doses  of  1 1  analogues 
ranged  lrom  4  to  12  milligrams  per  20  gram  mouse  administered  as  a 
single  oral  dose.  The  antibacterial  activity  was  reversed  by  pantothenate. 
The  compounds  tested  were  found  to  be  relatively  nontoxic. 

Drell  and  Dunn  (1948)  record  the  susceptibility  of  streptococci  in  vivo 
to  the  action  of  w-methylpantothenic  acid.  In  w-methylpantothenic  acid,  we 
see  an  instance  of  an  excellent  metabolite  displacer  for  pantothenic  acid  in 
vivo  in  which  the  pantoic  acid  moiety  is  modified. 


Production  of  Pantothenic  Acid  Deficiency 

That  many  displacement  agents  can  produce  vitamin  deficiencies  has 
been  amply  demonstrated,  but  in  the  case  of  pantoyltaurine,  controversial 
findings  have  been  recorded.  Snell  et  al.  (1943)  reported  the  production 
of  a  pantothenic  acid  deficiency  in  mice  by  feeding  pantoyltaurine  The 
dosage  used  was  200  mg.  per  kilogram  of  body  weight.  The  time  for  initial 
.  ppearancc  of  symptoms,  e.g„  growth  effect,  was  three  to  four  weeks  On 

The  work  of  West  and  his  croun  (194^ 

With  the  present  tendency  to  interrelate  sutfonmntT™5'"8  ,imp0rtance 

and  tryptophan  metabolism.  They  reported  thu  d  ’  pantothemc  acid, 

diet  low  in  casein  containino  *UL  d  ^  ratS  receivinS  a  synthetic 

deficiency  syndrome  which  was  corrected' bv\he  *  pant0thenic  acid 

corrected  by  the  supplementation  of  the  diet 
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with  calcium  pantothenate.  This  observation  ties  in  with  the  finding  and 
conclusions  of  Sevag  et  al.  (1944)  to  the  effect  that  the  inhibition  of  the 
synthesis  of  tryptophan  from  glucose  and  amino  acids  is  a  factor  underlying 
the  action  of  the  sulfonamides,  and  that  pantothenic  acid  mediates  the 
metabolism  of  glucose  leading  to  the  tryptophan  synthesis.  Adequate  pan¬ 
tothenic  acid  prevented  sulfonamide  action.  We  do  not  suggest  that  the 
limiting  factor  in  the  results  of  West  et  al.  (1945)  was  necessarily  tryp¬ 
tophan,  but  rather  that  the  same  basic  mechanism  of  inhibition  of  the  spe¬ 
cific  type  of  glucose  metabolism  mediated  by  pantothenic  acid  might  well 
explain  their  findings. 

Interference  of  the  utilization  of  pantothenic  acid  in  chicks  brought  about 
by  aromatic  derivatives  of  pantoyltaurine  has  been  reported  (Brackett  et 
al.,  1946).  Drell  and  Dunn  (1947)  tested  their  compound — w-methyl- 
pantothenic  acid — in  mice  by  determining  its  effect  on  survival  time  when 
added  to  a  pantothenic  acid  deficient  diet.  It  was  an  effective  displacer 
having  an  inhibitor  metabolite  ratio  of  approximately  100.  Graying  of  the 
fur  was  observed  in  one  of  the  experimental  groups. 

Singher  et  al.  ( 1948)  studied  extensively  a  pantothenic  acid  displacer  in 
the  animal.  The  compound  was  (  — )-a,y-dihydroxy-/?,/3-dimethyl-N-(2- 
(phenylmercapto-) ethyl )-butyramide.  The  lethal  dose  was  of  the  order  of 


5  grams  per  kilogram.  Toxic  levels  seemed  to  produce  respiratory  diffi¬ 
culties.  This  observation  correlates  with  chronic  toxicity  studies,  which 
showed  that  during  an  1 1  day  test  period  the  administration  of  •';)  B  of  the 
lethal  dose  daily  failed  to  alter  significantly  the  growth  rate.  This  brings 
into  the  light  the  vital  importance  of  the  time  element  in  vitamin  deficiency 
states  produced  by  metabolite  analogues.  It  is  probable  that  the  suscepti¬ 
bility  of  cells  exposed  to  absolute  or  nearly  absolute  deficiencies  will  vary  in 
accordance  with  the  length  of  time  during  which  the  cell  is  exposed.  It  may 
be  that  bacterial  cells  would  succumb  much  more  rapidly  than  tissue  and 
that  the  more  rapidly  metabolizing  tissue  cells  would  suffer  first.  This  sug¬ 
gests  the  possible  use  of  absolute  deficiencies,  induced  by  displacers,  for 
treatment  of  certain  malignancies.  In  the  monkey,  Singher  et  al.  (1948) 
gave  3.6  grams  of  the  compound  orally  over  a  period  of  six  weeks.  During 
that  time  there  were  no  digestive  or  physiological  disturbances  other  than 
hematological,  with  a  marked  decrease  in  red  blood  cells  and  in  hemoglobin 
which  upon  cessation  of  administration  of  the  drug  returned  to  normal.  e 
white  cells  did  not  vary  materially  in  numbers.  Local  applications  of  the 
displacer  to  the  vaginal  tissues  did  not  produce  irritation.  For  example,  2 
treatments  over  a  ten  day  period  in  rats  receiving  a  total  of  20  mg.  eacn 
produced  no  changes.  Systemically,  no  consistent  effects  were  noted  on 
blood  pressure  and  heart  rate.  Respiration  became  shallow  and  erratic  i 
the  cat  following  intravenous  doses  of  10  mg.  per  kilogram.  Smooth  muscle 


was  stimulated. 
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The  basis  for  possible  pharmacological  application  of  pantothenic  acid 
displacers  came  with  the  work  of  Lipmann  et  al.  (1947)  who  announced 
that  the  coenzyme  for  acetylation  was  a  pantothenic  acid  derivative.  This 
coenzyme  had  been  shown  by  this  same  investigator  (Lipmann  and  Kaplan, 
1946)  to  be  essential  for  in  vitro  acetylation  of  choline.  Defective  in  vivo 
acetylation  was  reported  by  Riggs  and  Hegsted  (1948)  who  found  that  the 
acetylation  of  p-aminobenzoic  acid  was  only  50  per  cent  as  great  in  pan¬ 
tothenic  acid  deficient  animals  as  in  those  with  normal  intakes.  The  broad 
role  played  by  pantothenic  acid  in  metabolism  makes  apparent  the  signifi¬ 
cance  of  the  study  of  pantothenic  acid  displacers  in  altering  this  function. 
Phenyl  pantothenone  failed  to  affect  the  action  of  preformed  coenzyme 
A  in  yeast  (Novelli  and  Lipmann,  1948).  Martin  et  al.  (1950)  reported 
that  a  series  of  pantothenic  acid  displacers  did  not  inhibit  the  action  of 
choline  acetylase. 

It  is  felt  that  failure  to  displace  coenzyme  A  by  means  of  pantothenic 
acid  displacers  simply  indicates  that  to  date  concentration  on  structural 
analogues  of  pantothenic  acid  may  represent  an  approach  which  is  too 
limited  in  scope.  Pantothenic  acid  incorporated  into  coenzyme  A,  which  has 
been  demonstrated  to  contain  adenine  (Lipmann  et  al.,  1947),  doubtless 
will  not  be  displaced  by  a  structural  analogue  of  pantothenic  acid;  a  struc¬ 
tural  analogue  of  the  coenzyme  appears  necessary. 

In  view  of  the  foregoing  it  is  clear  that  for  applications  to  pharmacology 
all  studies  reported  have  been  of  relatively  little  value.  Displacers  for  pan¬ 
tothenic  acid  must  be  designed  and  synthesized  which  function  against 
the  metabolically  active  form  of  the  vitamin  and  not  against  the  vitamin 
itself.  It  may  be  that  certain  displacers  for  pantothenic  acid  will  function 
to  prevent  the  formation  of  coenzyme  A  but  it  is  apparent  that  they  will 
not  be  effective  against  preformed  coenzyme  A. 


A  ntimalarial  Studies 

During  World  War  II,  a  preliminary  study  was  made  of  the  antimalarial 
activity  of  pantothenic  acid  displacers.  Mcllwain  and  Hawkins  ( 1943) 
first  reported  pantoyltaurine  as  being  ineffective  in  Plasmodium  relictum 
infections  in  the  canary.  Phenylpantothenone  was  found  active  against 
avian  malaria  by  Woolley  (1944,  1945,  1946).  The  major  work  was  out¬ 
lined  in  Wiselogle’s  “Survey  of  Antimalarial  Drugs,”  1941-45  Investi 
gatmns  were  initi.^d  as  a  result  of  the  observations  of  T  ( j  ’  ^ 

found  that  the  addition  of  calcium  pantothenate  to  a  medium  contain^, 
duck  erythrocytes  parasitized  with  Plasmodium  lophurae  lengthened  the 
survival  penod  of  the  parasites.  Pantoyltaurine  and  other  members  of  he 

P“*y'™ide  When  administered 
day,  markedly  suppressed  the  growth  o'f 
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quently,  phenylpantothenone  was  tested.  It  was  devoid  of  activity  in  ducks 
infected  with  Plasmodium  lophurae  but  suppressed  the  parasitemia  in 
chicks  infected  with  Plasmodium  gallinaceum  or  Plasmodium  lophurae. 
The  quinine  equivalent  of  phenylpantothenone  was  1.0  (test  B-4)  or  2.0 
(test  Q-8).  The  reason  for  the  difference  in  accordance  with  host  variation 
was  left  unexplained;  it  did  not  depend  on  the  difference  in  blood  levels 
of  pantothenic  acid  in  the  duck  or  chick,  as  these  are  the  same  (Trager, 
1943).  The  investigation  demonstrated  that  the  efficacy  of  phenylpantothe¬ 
none  as  an  antimalarial  was  due  to  displacement  of  pantothenic  acid  by 
completely  negating  its  action  in  chicks  given  adequate  quantities  of  pan¬ 
tothenic  acid. 

The  conclusion  was  reached  that  the  pantoic  acid  moiety  of  pantothenic 
acid  could  not  be  modified  without  loss  of  activity.  This,  in  the  present 


author’s  opinion,  is  not  a  valid  position  unless  it  is  limited  to  the  series 
actually  tested.  The  investigators  tried  various  modifications  of  the  /3-alanine 
portion  of  the  molecule  and  concluded  that  a  variety  of  changes  could  be 
made  providing  an  acyl  group  (CO,  S,  SO,  SOo)  occupies  the  same  position 
relative  to  the  molecule  as  a  whole  that  the  carbonyl  group  of  /3-alanine 
occupies  in  relation  to  pantothenic  acid. 

It  is  felt  that  the  inclusion  in  this  review  of  Table  IV  from  The  Survey 

of  Antimalarial  Drugs”  is  indicated. 

Mead  et  al.  (1946)  reported  on  the  synthesis  of  d-N2-(pantoyltauryl)- 
2-aminopyridine,  d-N2-(pantoyltauryl)-2-aminopyrimidine,  N2-(pantoyl- 
tauryl)-2-aminothiazole,  d-pantoyltaurylaminocyclohexane  and  the  at¬ 
tempted  synthesis  of  pantoyltauryl-9-aminoanthracene.  These  compounds 
were  tested  and  the  results  are  incorporated  in  Table  IV. 

An  extensive  investigation  of  the  relationship  between  pantothenic  acid 
and  Plasmodium  gallinaceum  infections  in  the  chicken,  and  the  antimalarial 
activity  of  analogues  of  pantothenic  acid  was  carried  out  by  Brackett  and 
his  group  at  Stamford  (Brackett  et  al.,  1946).  These  invest, gators  used 
Plasmodium  gallinaceum  infections  in  the  chicken,  because  it  was 
that  well-controlled  disease  states  could  be  produced  and  the  pantothen 

acid  nutrition  of  the  chicken  had  been  thoroughly  stud, /Tthe "V^o- 
deficiency  states  produced  by  dietary  means  stnkmgly  reduced  thetropho 
zoite-induced  infections.  There  was  also  a  reduction  in  the  number 
merozoi.es  produced  by  segmenters  in  the  deficient  hos^  In  d.rect  ^ntrast, 

^.re^c—.thb^.P— 

the” bloo^altered  fhe^x>urseof,1the0malariannfections.  ThU^demmistrates 
clearly  the  importance  of  differential ^equ^nent 
will  be  this  differential  requirement  which  will  in  all  u 
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of  the  displacement  concept  to  chemotherapy  determine  the  practical  appli¬ 
cability.  Fifteen  pantothenic  acid  displacers  were  tested  and  all  exhibited 
antimalarial  activity  to  a  degree.  The  effectiveness  paralleled  precisely  the 
dietary-induced  pantothenic  acid  deficiency  results.  In  sporozoite  infected 
chickens  there  was  no  activity  whatever.  The  most  active  compound  studied 
was  pantoyltauramide-4-chlorobenzene  which  was  four  times  as  active  as 
quinine  in  a  standard  four  day  trophozoite-induced  infection  and  16  times 
as  active  in  blood-induced  infections  of  seven  day  duration.  In  these  experi¬ 
ments,  eight  times  as  much  pantothenic  acid  as  displacer  was  required  to 
nullify  the  action  of  the  displacers  on  the  malarial  infection.  The  authors 
state  “The  wide  range  between  the  toxic  and  therapeutically  effective  doses 
in  this  particular  host-parasite  relationship  is  emphasized,  since  the  com¬ 
pounds  would  undoubtedly  be  safe  drugs  in  any  similar  relationship.  A 
striking  increase  in  the  immature  erythrocytes  in  the  circulating  blood  was 
produced  by  pantoyltauramido-4-chlorobenzene. 

A  possible  explanation  of  the  immunity  of  the  exoerythrocytic  parasite 
to  pantothenic  acid  deficiency  and  to  pantothenic  acid  displacers  offered  by 
these  workers  is  that  it  is  due  to  the  much  higher  concentrations  of  panto¬ 
thenic  acid  in  tissues  as  contrasted  to  blood.  Snell  et  al.  (1940)  noted  in 
various  tissues  of  deficient  chickens  a  pantothenate  concentration  100  times 
that  in  the  blood.  The  ineffectiveness  of  pantothenic  acid  analogues  against 


coccidiosis  in  the  fowl  is  mentioned  by  Brackett  et  al.  ( 1946). 

The  series  of  compounds  used  in  the  studies  of  Brackett  et  al.  (1946) 
had  been  prepared  by  Winterbottom  and  his  group  (1947).  The  entire 
series  of  amides  of  pantoyltaurine  showed  both  antibacterial  and  antiplas- 
modial  activity.  The  compounds  were  synthesized  by  condensing  taurine 
with  phthalic  anhydride  to  form  the  potassium  salt  of  2-phthahmidoethane- 
sulfonic  acid,  which  was  then  converted  to  2-phthalimidoethanesulfonyl 
chloride.  This  latter  compound  was  reacted  with  the  proper  heterocyc  ic  or 
isocyclic  amine  which  resulted  in  the  formation  of  the  corresponding 
2-phthalimidoethane  sulfonamides.  Cleavage  of  the  phthaloyl  denvattve 
was  made  to  the  corresponding  2-ethanesulfonamide,  which  was  tiien  con¬ 
densed  with  pantolactone  the 

tococcus  hemolyticus,  strain  C  203,  using 

,Ji  si  h  -«-*•  j-— its  s 

phenyl  sulfide  and  0-aminoethyl-p-chlorophenyl  su  fone  *al  activity 

L  Senear  ct  al  (1947).  All  were  found  to  possess  antimalarial  act  vuy 

agabst  Wood-tndLd  infections  of  />*— «  «—m  .n  checks.  A 
series  of  amides  related  to  phenylpantothcnonc  were re pern,  dj^ 

av^n^malaria!Vhi^com^uTd 'corresponds  to'the  unnatural  form  of  panto- 
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thenic  acid.  The  caproic  acid  derivatives  of  /3-aminopropiophenone  were 
inactive  as  antimalarials.  Against  Lactobacillus  casei,  however,  these 
caproic  acid  compounds  showed  some  activity.  This  is  particularly  inter¬ 
esting  because  in  these  compounds  both  the  pantoic  acid  and  the  /3-alanine 
moiety  of  the  pantothenic  acid  molecule  are  changed.  dl-N-Pantoyl-0- 
phenylethylamide  was  inactive  as  an  antimalarial  but  weakly  active  against 
casei.  p-Chlorophenylpantothenone  was  found  to  be  more  active  than 
phenylpantothenone  against  malaria.  Other  members  of  the  series  synthe¬ 
sized  by  this  group  are  presented  in  the  general  chart  of  pantothenic  acid 
displacers. 

Cantrell  (1949)  recently  published  details  of  work  with  pantoyltaura- 
mide  in  which  he  used  dosages  of  400  mg.  per  kilogram  given  to  chickens 
on  the  sixth  day  of  the  infection.  The  antimalarial  action  of  the  compound 
was  completely  nullified  by  25  mg.  per  kilogram  of  pantothenic  acid  given 
with  the  displacers. 


T  richomoniasis 


Demonstration  of  pantothenic  acid  as  an  essential  metabolite  for  Tricho¬ 
monas  vaginalis  (Kupferberg  et  al.,  1948)  led  to  the  investigation  of 
pantothenic  acid  displacers  in  the  chemotherapy  of  this  parasite,  (-f)-a- 
/3-Dihydroxy-/?,/?-dimethyl-N-(2-(phenylsulfinyl)  ethyl)  butyramide;  d- 
(  +  )-(Par>toyltauryl)-p-anisidide;  N-(2-benzylethyl)-a,y-dihydroxy-/3,/3-di- 
methylbutyramide;  ( -j- )  -a,y-dihydroxy-/?,/?-dimethyl-N-(  2- ( phenylmercap- 
to ) -ethyl ) -butyramide  were  effective  in  vitro  against  Trichomonas  vaginalis. 
Studied  in  the  same  way,  eight  other  pantothenic  acid  analogues  were  found 
inactive.  Trichomonas  foetus  and  Trichomonas  gallinae  were  equally  sensi¬ 
tive  in  vitro  to  the  displacers  listed  as  positive  for  Trichomonas  vaginalis. 
Calcium  pantothenate  completely  nullified  the  action  of  the  displacers  found 
active.  In  vivo  in  monkeys  and  in  a  series  of  six  patients  the  compounds 
were  found  ineffective,  but  inasmuch  as  administration  of  the  drug  was  by 
mouth  and  vaginally  in  monkeys  and  vaginally  only  in  the  patients  (1  mg. 
of  the  displacer  twice  daily  over  a  period  of  only  two  weeks)  it  does  not 
seem  that  an  adequate  test  of  the  possible  clinical  efficacy  of  these  drugs 
has  been  made.  The  pantothenic  acid  level  of  vaginal  secretions  in  patients 
with  trichomoniasis  would  have  to  be  ascertained  with  subsequent  adjust¬ 
ment  of  dosage  schedule.  The  safety  of  such  trials  was  demonstrated  by 
mgher  et  al.  (1948)  who  gave  1  mg.  doses  of  the  same  drug  vaginally 

twice  ally  for  ten  days  to  rats  and  noted  no  irritation  of  the  vaginal 
mucosa. 


Pantothenic  acid  displacers  should  be  tried  in  every  clinical  state  in  which 
he  invading  parasite  or  the  aberrant  cell  is  known  to  require  this  vitamin 

bv  con  rlT  ThaSy  t0  aSTain  the  difIerential  requirements  of  normal  cells 
by  contrast.  The  potent, al.ty  of  synthesis  of  pantothenic  acid  by  the  prime 
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parasite  or  by  a  secondary  parasite  must  be  considered,  and  it  is  therefore 
logical  to  choose  those  metabolite  analogues  which  both  displace  formed 
pantothenic  acid  and  prevent  its  formation.  These  agents  should  offer  the 
greatest  potentialities  for  clinical  application. 


Recapitulation 

Metabolite  analogues  of  pantothenic  acid  have  been  synthesized  in  great 
numbers.  They  can  be  roughly  placed  in  three  categories;  those  with  /3-ala¬ 
nine  moiety  modification,  those  with  pantoic  acid  moiety  modification,  and 
those  modified  in  both  pantoic  acid  and  /3-alanine  units. 

Of  the  first  type,  pantoyltaurine  is  a  typical  example.  The  mode  of  action 
of  pantoyltaurine  and  probably  of  all  analogues  of  this  series  has  its  origin 
in  the  inhibition  of  the  metabolism  of  pantothenic  acid  which  prevents  the 
formation  of  chemicals  normally  required  for  growth,  specifically  and  possi¬ 
bly  solely,  coenzyme  A.  Pantoyltaurine  is  effective  as  a  growth  inhibitor 
only  against  those  organisms  requiring  preformed  pantothenic  acid;  its 
action  is  completely  reversed  by  the  vitamin.  Resistance  to  the  action  of 
pantoyltaurine  develops  in  various  bacterial  strains;  the  probable  explana¬ 
tion  of  this  lies  in  qualitative  variation  in  receptor  position  on  enzymes. 
Both  primary  inhibitors  (pantothenic  acid  and  its  metabolic  products)  and 
secondary  inhibitors  (amino  acids)  are  known  for  the  activity  of  these 
analogues. 

Metabolite  analogues  of  pantothenic  acid  with  /3-alanine  moiety  modi¬ 
fication  are  active  in  preventing  the  growth  of  those  microorganisms  which 
require  preformed  pantothenic  acid  and  which  metabolize  this  factor.  This 
strongly  suggests  that  the  incorporation  of  pantothenic  acid  into  the  co¬ 
enzyme  A  molecule  is  in  some  manner  associated  primarily  with  the  /3- ala¬ 
nine  portion  of  the  vitamin. 

Many  compounds  of  the  second  category  (pantoic  acid  moiety  modifica¬ 
tion)  have  been  synthesized,  for  example  w-methylpantothenic  acid.  It  is 
active  only  against  microorganisms  requiring  preformed  pantothenic  ac' 
and  its  activity  is  completely  nullified  by  the  nutrilite.  Some  members  o 
this  series  such  as  7-hydroxy-n-butyryl-/3-alanide  may  act  by  preventing 
the  synthesis  of  pantothenic  acid,  others  such  as  w-methylpantothemc  acid 
by  a  mechanism  essentially  similar  to  that  of  pantoyltaurine,  except  that  the 

reaction  sites  differ.  .  . ,  . 

Metabolite’  analogues  of  pantothenic  acid  wtth  pantoic  acid  m  y 
modification  in  general  seem  to  be  effective  in  preventing  the  synthesis  o 
the  vitamin  The  implication  contained  in  this  finding  is  that  t  e  prime  p 
of  reaction  in  this  mechanism  of  synthesis  is  the  pantoic  acid  ^tyjtah 
must  fit  into  some  receptor  site.  Pantoic  acid  analogues  may w  themseWes 
prevent  the  coupling  of  pantoic  acid  with  /3-alanine  (Cheldehn  and 

1947). 


Recapitulation 
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Hybrid  molecules  such  as  ownethylpantoyltaurine  have  been  produced 
and  on  study  found  to  act  as  typical  displacers,  being  completely  reversed 
by  pantothenic  acid.  Certain  molecules  structurally  dissimilar  to  pantothenic 
acid,  salicylic  and  mandelic  acids,  have  been  reported  as  interfering  with 
the  normal  metabolism  of  the  nutrilite  and  exerting  an  inhibitory  effect  on 
bacterial  growth  by  virtue  of  this. 

Until  recently  all  metabolite  analogues  for  pantothenic  acid  tested  failed 
to  interfere  with  the  action  of  preformed  coenzyme  A  (Novelli  and  Lip- 
mann,  1948;  Martin  et  al.,  1950)  in  the  specific  sense,  although  salicyloyl- 
/?-alanide  inhibited  the  action  of  choline  acetylase.  Then,  Cohen  et  al. 
(1949)  demonstrated  the  inhibition  of  the  formation  of  coenzyme  A  by 
pantoyltaurine  and  the  inhibition  of  the  action  of  preformed  coenzyme  A 
by  d-(2-(pantoylamino)ethylsulfono)-4-nitroanilide. 

Thus,  at  least  three  phases  of  pantothenic  acid  metabolism  can  be  in¬ 
hibited:  first,  the  formation  of  pantothenic  acid  by  molecules  related  to 
pantoic  acid;  second,  the  formation  of  coenzyme  A  by  molecules  such  as 
pantoyltaurine;  and  third,  the  action  of  coenzyme  A  by  molecules  such  as 
the  sulfono-4-nitroanilide.  This  latter  action  of  pantothenic  acid  analogues 
opens  new  vistas  for  further  work  as  it  represents  the  logical  approach  to 
the  inhibition  of  acetylcholine  formation  in  vivo  with  important  potential 
clinical  applications. 


Several  different  metabolite  analogues  of  pantothenic  acid  have  been 
established  as  being  effective  chemotherapeutic  agents  against  bacterial  in¬ 
fections  in  vivo.  While  it  is  controversial,  the  present  author  believes  that 
adequate  demonstration  of  the  production  of  a  pantothenic  acid  deficiency 
state  by  metabolite  analogues  has  been  recorded.  Pharmacological  investi¬ 
gations  have  been  few  and  the  potentialities  in  this  sphere  are  great  particu¬ 
larly  m  view  of  the  possible  synthesis  of  many  agents  which  will  inhihit 


.  °  w L  meiaoonte  anr- 

mhibitors  and  we  have  to  date  only  one 


250 


Metabolite  Analogues  of  Pantothenic  Acid 


representative  molecule.  The  use  of  three  different  types  of  displacers  to¬ 
gether  will  be  interesting;  it  should  result  in  prevention  not  only  of  panto¬ 
thenic  acid  synthesis,  but  of  incorporation  of  the  vitamin  into  coenzyme  A, 
and  of  the  action  of  coenzyme  A.  The  goal  is  to  stop  pantothenic  acid 
metabolism  and  it  seems  probable  that  this  can  be  done  only  by  blocking 
all  channels. 

Another  interesting  point  for  speculation  comes  in  consideration  of  the 
speed  of  turnover  or  utilization  of  coenzyme  A  and  in  quantitative  require¬ 
ments  of  cells  for  this  material.  Knowledge  of  these  factors  will  greatly 
facilitate  the  rational  approach  to  the  application  of  metabolite  analogues 
of  pantothenic  acid.  The  ability  of  the  animal  to  utilize  coenzyme  A  as  a 
growth  factor  and  the  failure  of  microorganisms  in  many  instances  to  do  so 
may  open  a  field  of  chemotherapy  with  analogues  designed  to  inhibit  the 
action  of  the  coenzyme.  A  possible  complication  lies  in  the  potentiality  that 
bacteria  are  unable  to  utilize  coenzyme  A  for  growth  purposes  due  to  a 
failure  of  diffusion  through  the  cell.  If  this  is  true,  analogues  designed  as 
inhibitors  of  coenzyme  A  might  be  of  such  molecular  proportions  as  to  be 

nondiffusible.  . 

It  can  be  stated  unequivocally  that  the  application  of  pantothenic  acid 

displacers  in  the  world  of  biochemistry  and  medicine  has  not  yet  been  given 
proper  study.  It  is  to  be  hoped  that  the  future  will  see  this  situation  cor¬ 
rected. 
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METABOLITE  ANALOGUES  OF  PTEROYLGLUTAMIC  ACID 
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Pteroylglutamic  acid 

N-(4-(((2-amino-4-hydroxy-6-pteridyI)methyl)amino)benzoyl) 

glutamic  acid 


1.  General  Studies  of  Analogues  in  Bacterial  Systems. 

a.  Metabolite  Analogues  with  Pteridyl  Ring  Modification  or  Replacement. 

.  Metabolite  Analogues  with  Modification  in  the  Glutamic  Acid  Moiety, 
c.  Metabolite  Analogues  with  Modification  in  the  p-Aminobenzoic  Acid 


2.  Enzymes  and  Folic  Acid  Displacers. 

3.  Pharmacology  of  Folic  Acid  Analogues. 

4.  Pteridines  as  Folic  Acid  Antagonists. 

5.  Purine,  Pyrimidine,  and  Folic  Acid  Antagonists. 
5*  Animal  Studies  with  Folic  Acid  Analogues. 

7.  Animal  Studies  Involving  Tumor  Chemotherapy 
b.  Clinical  Studies  Involving  Metabolite  Analogues 
9.  Recapitulation. 


with  Folic  Acid  Analogues, 
of  Folic  Acid. 


Folic  acid  has  had  a  relatively  brief  career,  but  an  exciting  one  It  nlavs 
v.tal  role  m  microbiology,  where  it  has  been  established  tha°t  many  if  not 

=  -  -  s^t-a  £ 

enective  in  the  macrocyttc  anemias  of  nutritional 
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origin,  in  the  megaloblastic  anemias  of  sprue,  of  pregnancy,  and  in  that  of 
infancy  and  childhood.  With  vitamin  B12,  it  is  active  in  pernicious  anemia. 
Pteroylglutamic  acid  is  linked  to  the  production  of  nucleic  acids  through 
thymine  and  thymidine.  It  bears  an  obvious  structural  and  biological  rela¬ 
tionship  with  naturally  occurring  pterines,  such  as  xanthopterin.  The  enor¬ 
mous  literature  on  the  subject  recently  reviewed  by  Jukes  and  Stokstad 
(1948)  formed  the  background  for  the  synthesis  and  subsequent  study  of 
molecules  designed  as  metabolite  analogues  of  pteroylglutamic  acid. 

As  a  structure  for  the  design  of  metabolite  analogues,  it  is  only  necessary 
to  view  the  parent  molecule  as  consisting  of  a  pteridine  grouping  linked 
through  p-aminobenzoic  acid  to  a  glutamic  acid  residue.  Each  of  the  struc¬ 
tural  units  could  be  modified  or  entirely  replaced.  As  will  be  seen  from  the 
following,  virtually  every  potentiality  for  modification  of  the  basic  structure 
has  been  utilized,  generally  successfully,  for  the  production  of  metabolite 
analogues.  The  designs  for  effective  analogues  are  reviewed  at  the  end  of 
the  first  section.  The  type  of  metabolite  analogue  discussed  initially  is  that 
in  which  structural  modifications  are  made  in  the  pteridyl  portion  of  the 
molecule  or  in  which  the  entire  pteridyl  radical  is  replaced  by  some  struc¬ 
turally  similar  double  ring  unit. 


as 
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Metabolite  Analogues  with  Pteridyl  Ring 
Modification  or  Replacement 

The  first  compound  to  be  described  was  methylfolic  acid,  designated 
jq_(4(  ( ( 2-amino-4-hydroxy-7-methyl-6-pteridyl)  methyl)  amino)  benzoyl) 
d-(_ ) glutamic  acid.  Martin  et  al.  (1947)  demonstrated  that  the  molecule 
was  an  effective  displacer  of  folic  acid  when  Streptococcus  faecalis  (lactis) 
R  was  the  test  organism.  The  ratio  of  inhibitor  to  metabolite  was  approxi¬ 
mately  150.  This" compound  in  the  1(  +  )  form  has  been  variously  desig- 
nated  as  x-methylfolic  acid  and  crude  folic  acid  antagonist  based  upon 
divergence  of  opinion  as  to  its  structure  and  purity.  Franklin  et  a  .  (  > 

tested  the  microbiological  effect  of  l-(  +  )methylfol,c  acd  and  found  that 
it  too  antagonized  the  growth  effect  of  folic  acid  on  Streptococcus  faecal, s 
R  as  we"  as  on  Lactobacillus  casei.  As  with  the  isomer,  the  action  w 
completely  reversible.  The  inhibition  ratio  for  Streptococcus  faecal, s  w. 
20’  1  and  for  Lactobacillus  casei  1000: 1.  . ,  .  H 

A.  ...pi  ...  .IK  P-™.  P—  "I  *" 

s:ass=®sB=S5HS 

glolainia  acid  a.  Iha  a.aga  of  p.a.o.a  add  formadoa  and  a.  Iha  ala.a 
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with  glutamic  acid.  It  had  the  further  capacity  to  displace  formed  pteroyl- 
glutamic  acid;  thus,  it  represents  another  displacement  compound  incor¬ 
porating  into  one  molecule  the  capacity  to  inhibit  the  formation  of  and 
displace  a  given  metabolite.  As  with  a  sulfonamide,  methylfolic  acid  inter 
feres  with  the  incorporation  of  p-aminobenzoic  acid  into  pteroylglutamic 
acid.  The  counteraction  of  methylfolic  acid  by  sulfathiazole  was  demon¬ 
strated  and  was  interpreted  to  indicate  similarity  of  structure  causing  a 
mutual  interference  which  superseded  that  of  interference  with  the  metab¬ 
olism  of  pteroylglutamic  acid.  These  findings  and  the  interpretations  placed 
on  them  are  applicable  only  to  Staphylococcus  aureus. 

By  the  application  of  inhibition  analysis  and  the  use  of  methylfolic  acid. 
Bond  et  al.  (1949)  have  obtained  evidence  for  their  folinic  acid.  This  acid 
was  10  to  100  times  as  active  as  folic  acid  in  preventing  the  toxicity  of 
methylfolic  acid  for  Streptococcus  faecalis  R.  These  observations  grew  out 
of  the  work  done  by  this  same  group  (Rogers  and  Shive,  1948)  when  they 
used  methylfolic  acid  in  a  medium  toxic  to  Lactobacillus  casei  and  observed 
that  liver  extracts  prevented  the  toxicity  in  a  competitive  manner  and  that 
the  activity  of  the  liver  extract  was  15  times  as  great  as  could  be  accounted 
for  on  the  basis  of  the  folic  acid  content. 

Aminopterin  (4-aminopteroylglutamic  acid)  (N-(4-(  ( (2,4-diamino-6- 
pteridyl)-methyl)-amino)-benzoyl)-glutamic  acid)  (Fig.  1)  was  the  second 
metabolite  analogue  of  folic  acid  to  be  synthesized  (Seeger  et  al.,  1947). 
The  inhibition  ratio  for  half  maximum  inhibition  of  the  growth  of  Strep- 


Table  I 

Inhibition  of  Streptococcus  faecalis  R  with  4-Aminopteroylglutamic  Acid 


Metabolite 


Concentration  of 
Metabolite 


Inhibition 


y per  ml. 

Pteroic  acid 

0.004 

0.99 

0.04 

0.32 

0.4 

0.09 

Pteroylglutamic  acid 

0.003 

2.66 

0.03 

0.19 

Pteroyl-7-glutamylglutamic  acid 

“  u 

0.3 

0.005 

0.07 

4.30 

“  « 

0.05 

0.33 

Pteroyl-7-glutamyl-7-glutamy] glutamic  acid 

0.5 

0.07 

0.10 

0.49 

ti 

0.7 

0.08 

7.0 

0.007 

inhibition.  (F™  oK  S  TTStfl 
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tococcus  jaecalis  R  is  1.9,  0.7,  and  0.4  at  concentrations  of  pteroylglutamic 
acid  of  0.003,  0.005,  and  0.01  microgram  per  10  ml.  respectively.  Subse¬ 
quent  studies  of  aminopterin  indicated  that  its  action  was  not  of  a  strictly 
competitive  nature  (Oleson,  et  al.  1948).  The  compound  was  most  effective 
as  an  inhibitor  of  the  growth  promoting  action  of  pteroyltriglutamic  acid 
and  pteroic  acid.  Table  I  indicates  this  fact  together  with  the  variability  of 
inhibition  index  with  concentration. 

The  reversal  by  thymidine  of  some  phases  of  the  toxicity  of  aminopterin 
not  reversed  by  folic  acid  has  been  reported  (Franklin  et  al.,  1949;  Sauber- 
lich,  1949)  and  interpreted  as  indicating  the  involvement  of  folic  acid  in 
the  formation  of  thymidine.  4-Amino-5-carboxyamidoimidazole,  metabolic 
precursor  of  hypoxanthine,  accumulates  during  the  growth  of  Escherichia 
coll  in  the  presence  of  4-aminopteroylglutamic  acid  (Woolley  and  Pringle, 
1950).  This  finding  reflects  the  production  of  a  folic  acid  deficiency  with 
consequent  failure  of  purine  formation. 

Several  modifications  of  the  4-amino  structure  have  been  prepared,  in¬ 


cluding  4-aminopteroylaspartic  acid  (Hutchings  et  al.,  1949);  4-amino-10- 
methylpteroylglutamic  acid  and  the  corresponding  pteroic  acid  (Franklin 
et  al.,  1949a;  Seeger  et  al.,  1949).  These  agents  are  effective  metabolite 
displacers  in  bacterial  systems,  differing  quantitatively  but  not  qualitatively 
from  the  action  of  the  parent  4-aminopteroylglutamic  acid. 

The  pteridy  1  portion  of  the  pteroylglutamic  acid  molecule  is  modified  in 
the  9-methylpteroylglutamic  acid  derivatives  which  are  once  again  effective 
antagonists  (Hultquist  et  al.,  1949).  This  molecule  has  a  9-methyl  radical 
which  is  the  equivalent  of  a  modification  of  the  6-methyl  substituent  to  a 
6-ethyl  on  the  pteridyl  ring.  Still  another  type  is  oxyfolic  acid  (Martin  et 
al  1948)  in  which  the  2-amino  group  is  replaced  by  a  hydroxyl.  This 
molecule  was  inactive  in  bacterial  test  systems  but  active  as  an  inhibitor  of 
dopa  decarboxylase  and  in  the  production  of  a  pharmacological  activity 
associated  with  metabolite  displacers  of  the  vitamin  (Martin  et  al.,  19  a). 

An  interesting  pteridyl  moiety  modification  which  resulted  in  an  effective 
metabolite  analogue  was  that  prepared  by  Woolley  and  Pringle  (19  ), 

and  designated  2-amino-4,7-dihydroxyptendine-6-carboxylyl-p-amino  e  - 

zoylglutamic  acid.  Finally,  a  7-pteridyl  compound  has  been  reported 

(Avakian  et  al.,  1950).  ,  A  u.  rp 

Another  major  category  of  displacing  agents  has  been  produced  by  re 

placement  ont  entire  pteridyl  nucleus.  One  of  the  first  attempts  to  do  this 

fed  to  the  synthesis  of  N-(4-( (4-quinazoline) amino) benzoyl) glutamic  aci 

(Martin  et  al  1947b)  which  molecule  possessed  stimulatory  rather  th 
inhibitory 'action  on  Spaces  faecalis  lads  R.  A 

quinoxahne-2-carboxylyH>uminobenzoylghffaniic^acid^was^ai^e  ^  ^ 

metabolite  antagonist  (Woolley  and  Pring  ,  stimulatory 

pteridyl  moiety  by  benzimidazole  resulted  m  a  moleeule  with  stimulatory 


257 


General  Studies  of  Analogues  in  Bacterial  Systems 

rather  than  inhibitory  activity  (Edwards  et  al.,  1948)  until  the  p-amino- 
benzoic  acid  moiety  was  modified  by  replacing  the  carboxyl  with  a  sulfonic 
acid  unit.  King  et  al.,  (1948;  1949)  report  the  carboxyl  compound  as  hav¬ 
ing  a  low  order  of  inhibitory  activity.  The  5-chloro  analogue  was  more 
powerful  using  Lactobacillus  casei  as  testing  system. 

Metabolite  Analogues  with  Modification 
in  the  Glutamic  Acid  Moiety 

Pteroylaspartic  acid  (Fig.  1)  was  the  first  compound  of  the  series  to  be 
described  in  which  the  glutamic  acid  moiety  has  been  modified  (Hutchings 
et  al.,  1947).  The  molecule  proved  to  be  a  typical  inhibitor  of  the  com¬ 
petitive  type.  One  point  of  distinction  from  4-aminopteroylglutamic  acid 
was  the  ineffectiveness  of  pteroylaspartic  acid  in  interfering  with  the  metab¬ 
olism  involving  pteroylglutamic  acid  or  derivatives  in  Escherichia  coli. 


COOH 


hooc-ch2-ch2-c-n-c-<^-nh--ch2-^nA^n 

H  H  °  nh2 

4-Aminopteroylglutamic  acid;  aminopterin;  N-(4-(((2,4-diamino- 
6-pteridyl)-mcthyl)-amino)-benzoyl)-gIutainic  acid 


i-NH, 


COOH  CH3  Jsj 

I  I  ^ 

HOOC — CH2 — CH2 — C — N — C — — N CH  . 

H  H  O 


,N 


-NH 


OH 


N10-Methylpteroylglutamic  acid;  N-(4-(N-((2-amino-4-hydroxy-6- 
pter.dyl)methyl)-N-methylamino)-benzoyl)-glutamic  acid 


COOH 

HOOC  CH2  C  N  C — — NH — CH2 — 
H  H  O 


^N 


^ - NH; 


OH 


Pteroylaspartic  acid;  N-(4-(((2-ami„o-4-hydroxy-6-pteridyl)- 
methyl)-am,n0)-benzoyI)-glutamic  acid  * 


NH-, 


2,4-Diamino-6,7-diphenylpteridine 

F'C.  1.  Metabolite  analogues  of  pteroylglu, antic  acid. 
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Pteroyl  derivatives  of  alanine,  c-aminocaproic  acid,  aminomalonic  acid, 
isoleucine,  phenylalanine,  sarcosine,  serine,  threonine,  tryptophan,  valine, 
/3-alanine,  cystine,  and  methionine  have  been  prepared  in  the  crude  form 
(Wright  et  al.,  1949).  Of  these,  pteroylalanine,  pteroyl-/3-alanine,  pter- 
amidomalonic  acid,  and  4-aminopteroylserine  were  purified.  Smith  (1950) 
reports  that  this  entire  group  of  analogues  is  either  inactive  or  only  weakly 
effective.  Two  additional  members  of  this  series,  namely  the  glycine  and 
the  methionine  sulfoxide  analogues,  have  been  found  effective  metabolite 
displacers  (Martin  et  al.,  1948a;  Woolley  and  Pringle,  1948). 


Metabolite  Analogues  with  Modification 
in  the  p-Aminobenzoic  Acid  Moiety 

Considering  the  p-aminobenzoic  acid  moiety  of  the  folic  acid  structure, 
it  is  apparent  that  it  might  be  modified  by  substitution  on  the  amino  group, 
by  substitution  of  a  sulfonic  unit  for  the  carboxyl  or  by  replacement  or 
modification  of  the  benzene  ring.  All  three  types  of  displacer  have  been 
produced. 

The  first  is  typified  by  NIO-methylpteroylglutamic  acid  (Fig.  1)  which 
carries  a  methyl  substituent  on  the  amino  group  of  the  p-aminobenzoic  acid 
moiety  (Cosulich  and  Smith,  1948);  the  second  by  pteroylsulfoglutamic 
acid  (Viscontini  and  Meirer,  1949;  Gavard  and  Viscontini,  1949)  in  which 
the  carboxylic  group  of  the  p-aminobenzoic  acid  is  changed  to  a  sulfonic 
unit;  and  the  third  by  2-chloro-4-(  (N-(2-amino-4-hydroxy-6-pteridyl) 
methyl) amino) benzoic  acid  (Martin  et  al.,  1948a)  in  which  the  benzene 
nucleus  of  the  p-aminobenzoic  acid  moiety  bears  a  chlorine  substituent.  All 

three  types  were  typical  metabolite  analogues. 

In  summary,  each  moiety  of  the  pteroylglutamic  acid  molecule  has  been 
modified  in  many  ways  with  consequent  production  of  effective  metabolite 
antagonists.  There  is  little  of  a  fundamental  nature  distinguishing  the  action 
of  one  type  from  that  of  another,  differences  being  quantitative  rather  than 
qualitative.  It  seems  probable,  however,  that  future  work  will  reveal  basic 
mechanisms  of  action.  The  pteridyl  ring  can  be  modified  by  changing 
4-hydroxy  to  4-amino;  6-methyl  to  6-ethyl;  2-amino  to  2-hydroxy;  7-hydro¬ 
gen  to  7-methyl  and  by  shifting  the  point  of  attachment  of  the  p-amino- 
benzoic  acid  bridge  thus  creating  a  7-pteridyl  replacing  a  6-ptendyl.  It  is 
een  possible  to  replace  the  entire  pteridy,  nucleus  by  benz.n»teote« 
quinoxaline  and  gain  displacer  molecules.  The  p-anr.nohenzo^c  ac  d  b  rdge 
can  be  modified  by  replacing  the  carboxyl  by  sulfonic,  b>  modify  in  me 
amino  grouping  through  a  methyl  substituent;  and  by  modifying  *e  be  - 

. . 
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three  categories  (Jukes  and  Stokstad,  1948);  those  which  require  pre¬ 
formed  folic  acid  such  as  Streptococcus  faecalis  R  and  Lactobacillus  casei, 
those  which  can  both  synthesize  folic  acid  if  needed  or  use  preformed  vita¬ 
min  such  as  Streptococcus  faecalis  R  and  finally  those  which  do  not  require 
preformed  pteroylglutamic  acid  and  which  probably  cannot  utilize  the  pre¬ 
formed  vitamin.  One  would  imagine  that  as  with  pantothenic  acid  so  will 
the  situation  reveal  itself  in  connection  with  the  pteroylglutamic  acid  dis¬ 
placers.  Three  categories  of  analogues  will  probably  be  found;  those  which 
prevent  the  synthesis  of  pteroylglutamic  acid,  those  which  prevent  the  syn¬ 
thesis  of  the  pteroylglutamic  acid  enzymes,  and  those  which  prevent  the 
action  of  these  enzymes. 

There  are  many  examples  of  folic  acid  displacers,  e.g.,  pteroylaspartic 
acid,  which  act  against  those  bacteria  requiring  preformed  folic  acid  by 
virtue  of  a  capacity  to  prevent  the  formation  of  folic  acid  enzymes.  There 
are  recorded  examples  of  displacers  which  act  against  bacteria  which  do 
not  require  preformed  pteroylglutamic  acid  and  can  synthesize  this  factor. 
Thus,  4-aminopteroylglutamic  acid  is  effective  against  Escherichia  coli  and 
methylfolic  acid  is  active  against  Staphylococcus  aureus. 

The  role  of  folic  acid  in  enzyme  systems  is  not  clear.  It  seems  probable 
that  in  the  choline  oxidase  system  folic  acid  is  incorporated  into  the  enzyme 
as  a  prosthetic  grouping  and  that  this  enzyme  formation  is  inhibited  by 
4-aminopteroylglutamic  acid.  This  may  be  the  case  with  dopa  decarboxylase 
but  it  has  not  been  established.  Sulfonamides  and  possibly  certain  pteridines 
can  be  regarded  as  metabolite  antagonists  preventing  the  synthesis  of  folic 
acid.  The  one  proposed  category  of  analogues  yet  to  be  demonstrated  is 
that  series  interfering  with  the  action  of  a  preformed  pteroylglutamic  acid 
enzyme. 


Enzymes  and  Folic  Acid  Displacers 

A  study  of  the  inhibitory  action  of  metabolite  antagonists  of  folic  acid 
on  enzyme  systems  in  vitro  would  be  fundamental  to  an  understanding  of 
the  true  mechanism  of  their  action  in  vivo.  The  first  report  on  this  phase 
(Martin  and  Beiler,  1947c)  dealt  with  the  action  of  dopa  decarboxylase. 

oth  methylfolic  acid  and  pteroylaspartic  acid  were  effective  inhibitors  of 
the  enzyme.  The  action  was  reversible.  At  a  concentration  of  30  micro¬ 
grams  Per  ml.,  the  methylfolic  acid  compound  caused  an  inhibition  of  2S 
percent.  Fohc  acid  added  at  10-100  times  the  concentration  of  the  methyl- 

nh,hh°,7  ?  y  prfented  the  inhibitory  action.  Methylfolic  acid  did  not 
inhibit  the  action  of  tyrosine  decarboxylase  except  at  such  high  concern  ° 

lions  as  to  indicate  the  lack  of  specificity.  This  inhibitory  action  bv  menbo 

r  SS  Hdd  h3S  1Cd  ,0  the  of  chemicaul  vWo' 
the  reduction  of  blood  pressure  (Martin  et  al.,  1947d  1948nJ 

Extending  the  series  of  antagonists  used  to  demine  some  phase  of  cor- 
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relation  between  structure  and  capacity  to  inhibit  dopa  decarboxylase, 
Martin  and  Beiler  (1948b)  observed  four  general  classes  of  displacers: 

( 1  )  compounds  which  differed  by  the  presence  of  an  additional  or  substi¬ 
tuted  group  on  the  pteridyl  part  of  the  molecule;  (2)  compounds  in  which 
the  glutamic  acid  moiety  is  modified  or  omitted;  (3)  a  combination  of  (1) 
and  (2);  and  (4),  a  compound  in  which  the  pteridyl  grouping  is  replaced. 
The  results  showed  that  the  most  effective  displacers  of  the  series  tested 
had  a  substituent  on  the  pteridyl  part  of  the  molecule  in  combination  with 
an  amino  acid.  Substitution  of  aspartic  acid  for  glutamic  did  not  change 
significantly  the  inhibitory  effect.  Substitution  of  aspartic  acid  for  glutamic 
without  the  presence  of  the  substituent  on  the  pteridyl  ring,  or  complete 
removal  of  the  amino  acid,  resulted  in  the  formation  of  less  effective  me¬ 
tabolite  displacers.  Replacement  of  the  pteridyl  ring  with  a  quinazoline  ring 
did  not  produce  an  effective  displacing  agent.  A  series  of  approximately  30 
compounds  designed  to  be  displacers  of  folic  acid  were  tested  as  inhibitors 
of  dopa  decarboxylase  and  an  attempt  was  made  to  correlate  this  activity 
with  blood  pressure  changes  (Martin  et  al.,  1948a). 

Methylfolic  acid  proved  to  possess  no  activity  against  histidine  decar¬ 
boxylase  (Beiler  et  al.,  1949)  at  levels  as  high  as  1  mg.  per  ml.  In  fact,  the 
molecule  seemed  to  stimulate  the  action  of  the  enzyme.  This  observation 
was  theoretically  explained  on  the  basis  of  the  probability  that  folic  acid 
is  present  in  some  other  enzyme  which  attacks  histidine,  and  that  this  is 
inhibited  by  the  vitamin  antagonist.  Such  action  would,  in  effect,  raise  the 
concentration  of  histidine  available  to  the  histidine  decarboxylase,  and  thus 


increase  the  activity  of  the  enzyme. 

Potentialities  for  enzymatic  activities  of  metabolite  analogues  of  folic 
acid  arise  in  connection  with  each  of  the  enzyme  systems  for  which  folic 
acid  is  a  substrate  or  the  action  of  which  is  modified  by  folic  acid.  Kalckar 
and  Klenow,  (1948)  noted  the  powerful  inhibition  of  milk  xanthopterin 
oxidase  by  synthetic  pteroylglutamic  acid.  Liver  xanthopterin  oxidase  was 
also  inhibited,  as  was  xanthine  oxidase.  Uricase  was  unaffected.  It  is  prob¬ 
able  that  the  enzymes  inhibited  by  folic  acid  would  be  stimulated  by  meta 
olite  antagonists  just  as  histidine  decarboxylase  is. 

An  enzymatic  transformation  of  folic  acid  itself  was  recorded  (Kalckar 
and  Klenow,  1948a)  and  one  may  anticipate  an  inhibition  of  this  meta¬ 
bolic  conversion  by  the  displacers.  In  December  1949  a  report  appeared 
(Dinning,  Keith,  and  Day,  1949)  which  demonstrated  that  pteroylg  utamic 
acid  functions  in  the  choline  oxidase  enzyme  system  as  a  constituent  °f 
prosthetic  group.  Aminopterin  was  found  to  be  a  specific  inhibitor  of 

ChTh"ee  rd^orpteroyTglutamic  acid  as  the  prosthetic  group  of  an  enzyme 
or  enzymes  or 'as  /coenzyme  concerned  with  <he  J*es,s  of  thyrnin 
purines,  and  derivatives  was  originally  proposed  by  Stokes  (1944).  Furthe 
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evidence  supporting  this  contention  was  presented  by  Lampen  and  Jones 
(1947)  Petering  and  Delor  (1949),  Prusoff  et  al.  (1948)  and  others,  t 
remained  for  Rogers  and  Shive  ( 1948 )  to  establish  the  capacity  of  folic  acid 
analogues  in  the  inhibition  of  the  enzyme  or  coenzyme  involved  when  they 
reported  that  the  antibacterial  index  of  methylfolic  acid  for  Lactobacillus 
casei  was  30  in  the  absence  of  purines  and  pyrimidines  and  1000  in  the 
presence  of  these  metabolites.  The  culmination  of  efforts  along  these  lines 
came  with  announcements  that  the  inhibitory  effect  of  methylfolic  acid  and 
to  a  certain  extent  of  aminopterin  could  be  reversed  by  thymidine  (Franklin 
et  al.,  1949;  Sauberlich,  1949;  Shive  et  al.,  1948). 

Thus,  metabolite  antagonists  of  folic  acid  are  inhibitors  of  dopa  decar¬ 
boxylase,  choline  oxidase,  and  enzymes  involved  in  purine  and  pyrimidine 
metabolism.  They  are  not  active  against  histidine  decarboxylase.  The  poten¬ 
tiality  is  that  the  inhibitors  will  block  enzymatic  mechanisms  in  which  folic 
acid  plays  a  role,  whether  as  substrate,  prosthetic  group,  or  cofactor. 

Pharmacology  of  Folic  Acid  Analogues 

Very  little  study  has  been  given  to  the  pharmacological  behavior  of 
metabolite  antagonists  of  folic  acid,  unless  one  considers  the  term  “Pharma¬ 
cology”  in  its  broadest  aspects. 

In  1947,  Martin  et  al.  (1947d)  reported  the  hypotensive  action  of 
7-methylfolic  acid  in  dogs.  A  dosage  level  of  5  mg.  per  kilogram  dropped 
blood  pressure  by  20-40  mm.  Tachyphylactic  phenomena  developed.  100 
mg.  of  the  methylfolic  acid  per  kg.  caused  death  by  respiratory  arrest 
within  four  minutes.  Subsequently,  details  of  this  work  were  reported  (Mar¬ 
tin,  et  al.,  1948a)  involving  a  series  of  displacing  agents  produced  by  modi¬ 
fication  of  the  pteridyl  ring,  the  p-aminobenzoic  acid  moiety,  or  the 
glutamic  acid  moiety.  Many  displacers  were  included  which  were  changed 
at  several  points.  In  general,  there  was  a  rough  correlation  between  the 
capacity  of  a  given  molecule  to  inhibit  dopa  decarboxylase  and  its  ability 
to  lower  blood  pressure  in  the  dog,  but  such  correlation  was  not  absolute. 
4-(( (2-Amino-4-hydroxy-6-pteridyl) methyl) amino) phenol  was  a  powerful 
blood  pressure  depressant  but  was  inactive  in  the  in  vitro  enzyme  system 
against  dopa  decarboxylase. 

For  hypotensive  action,  the  pteroic  acid  analogues  were  superior  to  the 
pteroylglutamic  acid  analogues.  Metabolite  inhibitor  ratios  for  the  three 
systems  studied  showed  that  for  the  Streptococcus  jaecalis  system,  the  ratio 
was  1  to  10;  in  the  dopa  decarboxylase  system,  the  ratio  was  0.1  to  0.01; 
in  the  dog,  the  ratio  was  approximately  0.1  to  0.01.  In  other  words,  a  con¬ 
centration  of  folic  acid  from  10  to  100  times  that  of  the  displacer  nullifies 
the  displacer  action.  Two  hundred  and  fifty  milligrams  of  folic  acid  per 
kilogram  nullified  the  hypotensive  action  of  10  mg.  of  displacer.  Tachyphy¬ 
lactic  phenomena  developed  with  marked  speed  as  shown  in  Table  II 
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Table  II* 


“Tachyphylactic”  Phenomena  Associated  with  the  Pharmacological  Action  of 
Pteroylglutamic  Acid  Displacing  Agents 


Blood  Pressure  Effect  of  Fi 
Sequence 

ve  Doses  (5  mg./ kg.  each) 
to  a  Single  Animal 

Given  in 

Compound 

1 

2 

3 

4 

5 

Oxypteroic  acid 

—  70  mm. 

10  min. 

—  60  mm. 

10  min. 

—  50  mm. 

8  min. 

—  62  mm. 

15  min. 

—  50  mm. 

10  min. 

—  42  mm. 

10  min. 

—  28  mm. 

10  min. 

—  24  mm. 
10  min. 

—  110  mm. 

10  min. 

—  86  mm. 

10  min. 

—  82  mm. 

10  min. 

—  44  mm. 

10  min. 

Methylpteroic 

acid 

—  60  mm. 

5  min. 

—  20  mm. 

3  min. 

No  effect 

No  effect 

No  effect 

—  74  mm. 
30  min. 

—  28  mm. 

20  min. 

No  effect 

No  effect 

—  60  mm. 

10  min. 

—  16  mm. 

3  min. 

No  effect 

No  effect 

No  effect 

*  From  Martin  et  al..  Am.  J.  Pharmacy,  120,  189,  1948. 


The  oral  administration  of  methylfolic  acid  produced  no  effect  on  blood 

pressure  in  doses  as  high  as  500  mg.  per  kilo. 

The  hypotensive  action  of  folic  acid  displacers  has  not  been  reported 
clinically.  The  dosages  used  in  the  treatment  of  the  leukemias  are  too  low 
to  produce  blood  pressure  effects  if  one  transfers  the  required  levels  for  the 
do"  to  consideration  of  dosage  needed  in  man.  It  is  highly  probable  that  cer¬ 
tain  metabolite  antagonists,  for  example  4-aminopteroylglutamic  acid,  will 
be  much  more  specifically  active  against  the  bone  marrow,  while  one  such 
as  oxyfolic  acid,  the  2,4-dihydroxy  compound,  may  be  effective  as  a  blood 
pressure  depressant.  It  has  already  been  demonstrated  that  there  is  no  100 
per  cent  correlation  in  specificity  of  molecules  tested  in  different  biological 
systems.  It  is  unfortunate  that  to  date  so  few  of  the  different  antagonists  for 
folic  acid  have  been  screened;  but  this  will  come. 
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Thc  ^o  nstration  th  t  .nthet, 

ItTmS,  makes  a  brief  review'of  these  compounds^po^^an 
understanding ;of  this ^^M^ridine:  2,4-dihydroxypteridine; 

“1“.^  The  molecule  =ed  “m  e  capacity  for  the 
:S",hfe for  an  antibacterial 


Pteridines  as  Folic  Acid  Antagonists 

this  combined  action  is  desirable  as  it  should  prevent  the  development  of 
resistance  in  the  bacteria.  The  phenomenon  of  resistance  is  generally  due 
to  synthesis  of  the  metabolite  essential  to  growth. 

Extending  their  work,  Daniel  and  Norris  (1947)  reported  the  effective¬ 
ness  of  pteridines  against  Escherichia  coli  and  Staphylococcus  aureus.  The 
pteridines  were  2,4-diamino  types  and  acted  synergistically  with  sulfona¬ 
mides  in  inhibiting  the  growth  of  microorganisms  that  synthesize  folic  acid. 


Table  III 

Metabolite  Analogues  of  Pteroylglutamic  Acid 


Activity  in  at 

Compound 

Common  Name  least  One  Test 

Reference 

System 

Pteridyl  Moiety  Modification 

d(  — )  Methyl-  + 

folic 


N-(4-(  ( (2-Amino-4- 
hydroxy-7-methyl-6- 
pteridyl)-methyl)-amino)- 
benzoyl)-d(  —  )-glutamic 
acid 

N-(4-(  ( (2,4-Diamino-6- 
pteridyl)-methyl)-amino)- 
benzoyl)-glutamic  acid 

N-(4-(((2,4-Diamino-6- 
pteridyl)-methyl)-amino)- 
benzoyl) -aspartic  acid 

N-(4-(  ( (2,4-Diamino-6- 
pteridyl )  -methyl )  -N- 
methylamino )  -benzoyl )  - 
glutamic  acid 


N-(4-(  ( l-(2-Amino-4- 
hydroxy-6-pteridyl )  - 
ethyl )  -amino )  -benzoyl )  - 
glutamic  acid 

N-(4-(((2,4-Dihydroxy-6- 
pteridyl )  -methyl )  -amino )  - 
benzoyl)  1(  +  )  -glutamic 
acid 

2-Amino-4,7-dihydroxy 

pteridine-6-carboxylyl-p- 

aminobenzoylglutamic 

acid 

N-(4-(  ( (2-Amino-6- 

pteridyl  1-methyl  )-amino)- 
benzoyl) -glutamic  acid 

N-(4-(((2-Amino-4- 
hydroxy-7-pteridyl)- 
methyl  )-amino)-benzoyl)- 
glutamic  acid 


Aminopterin(4-  + 


aminopteroyl- 

glutamic 

acid) 

4-Amino- 
pteroyl- 
aspartic  acid 

+ 

4-Amino- 10- 
methyl- 
pteroyl- 
glutamic  acid; 
A-meth- 
opterin 

+ 

9-Methyl- 

pteroyl- 

glutamic 

acid 

+ 

Oxyfolic  acid 

+ 

+ 

4-Desoxy- 

pteroyl- 

glutamic 

acid 

+ 

7-Pteroyl- 

glutamic 

acid 

+ 

Martin,  et  al.,  1947 


Seeger,  Smith,  and 
Hultquist,  1947 


Hutchings  et  al.,  1949 


Franklin  et  al.,  1949a; 
Seeger  et  al.,  1949 


Hultquist  et  al.,  1949 

Martin  et  al.,  1948 

Woolley  and  Pringle, 
1948 

Swendseid  et  al.,  1948 

Avakian  et  al.,  1950 
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Table  III — ( Continued ) 


Compound 

Common  Name 

Activity  in  at 
least  One  Test 
System 

Reference 

Pteridyl  Moiety  Replaced 

N-4-(  ( (4-Quinazoline)- 
amino)-benzoyl  )-glutamic 
acid 

Stimulatory 

Martin  et  al.,  1947b 

Quinoxaline-2-carboxylyl-p- 

aminobenzoylglutamic 

acid 

+ 

Woolley  and  Pringle, 
1948 

N-[4-(  ( (2-Benzimidazolyl)- 
methyl) -amino  )-benzoyl]- 
glutamic  acid 

Stimulatory 

Edwards,  et  al.,  1948; 
King  et  al.,  1948, 
1949 

N-[4-(  ( (2-Benzimidazolyl)- 
methyl )  -amino )  -benzene- 
sulfonylj-glutamic  acid 

+ 

Edwards,  et  al.,  1948 

N-[4-(  (2-(5-Chlorobenzimi- 
dazolyl )  -methyl )  -amino)  - 
benzoyl]-glutamic  acid 

+ 

Kinget  al.,  1948,  1949 

p-Aminobenzoic  Acid  Moiety  Modifications 

N-(4-(N-((2-Amino-4- 

hydroxy-6-pteridyl )  - 
methyl)  -N-methylamino)  - 
benzoyl)-glutamic  acid 

Nl0-Methyl- 
pteroylglu- 
tamic  acid 

+ 

Cosulich  and 

Smith,  1948 

Also  N10-ethyl-and  butyl-and 
crude  N10-carboxymethyl-, 
benzyl-,  phenacylpteroic 
acid  and  N10-phenacyl- 
pteroylglutamic  acid 

2-Chloro-4-(  (N-(2-amino- 
4-hydroxy-6-pteridyl)- 
methyl )  -amino )  -benzoic 
acid 

Pteroylsulfo-L(  +  )  -glutamic 
acid 

Chloropteroic 

acid 

Weakly 

+ 

+ 

+ 

44  44 

Martin  et  al.,  1948a 

Viscontini  and  Meirer, 
1949 

Glutamic  Acid  Moiety  Modifications 

N-(4-(((2-Amino-4- 

hydroxy-6-pteridyl ) - 
methyl )  -amino )  -benzoyl )  - 
aspartic  acid 

4-Aminopteroyltriglutamic 
acid  and  similar  peptides 

4-Amino-9-methylpteroyl- 

glutamic  acid 

4-Amino-9, 1 0-dimethyl- 
pteroylglutamic  acid 

4-Aminopteroyl-a-alanine 

4-Aminopteroylthreonine 

Pteroylas- 
partic  acid 

+ 

+ 

+ 

+ 

+ 

+ 

Hutchings  et  al.,  1947 

Oleson,  1950 

Oleson,  1950 

Oleson,  1950 

Oleson,  1950 

Oleson,  1950 

Pteridines  as  Folic  Acid  Antagonists 
Table  1H — ( Continued ) 
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Compound 

Common  Name 

Activity  in  at 
least  One  Test 
System 

Reference 

Glutamic  Acid  Moiety  Modifications 

9, 10-Dimethylpteroylglu- 
tamic  acid 

+ 

Oleson,  1950 

6-Methyl-7-pteroylglutamic 

acid 

+ 

Oleson,  1950 

4-Aminopteroylserylglu- 
tamic  acid 

+ 

Oleson,  1950 

4-Dimethylaminopteroyl- 
glutamic  acid 

— 

tt  it 

N-10-Nitrosopteroylglu- 
tamic  acid 

— 

it  it 

Dichloropteroylglutamic 

acid 

— 

it  it 

4-Aminopteroylsulfoglu- 
tamic  acid 

S-Aminopterin 

+ 

Southern  Research 
Institute,  1949 

N  (3-(  ((2,4-Diamino-6- 
pteridyl )  -methyl )  -amino )  - 
benzoyl) -glutamic  acid 

M-Aminopterin 

+ 

Southern  Research 
Institute,  1949 

Corresponding  amino  acid 
deriv.  alanine,  a-aminoca- 
proic,  aminomalonic,  iso¬ 
leucine,  phenylalanine,  sar- 
cosine,  serine,  threonine, 
tryptophan,  valine,  /3-ala- 
nine,  cystine,  and  methio¬ 
nine 

All  of  Wright 
series 
reported 
negative 

Wright  et  al„  1949; 
Smith,  1950 

Pteroylmethionine  sulfoxide 

Pteroyl  d(  -  )-glutamic  acid 
Pteroylserylglutamic  acid 

+ 

Woolley  and  Pringle, 
1948 

Oleson,  1950 

Oleson,  1950 

he  authors  state  that  “the  synergism  shown  by  sulfonamide  and  pterine 
is  one  in  which  there  are  two  inhibitors,  one  of  which  prevents  the  function¬ 
ing  of  an  enzyme  active  in  the  synthesis  of  folic  acid,  and  the  other  of  which 
arJTrVi?  preven,t  the  formation  of  an  enzyme  in  which  folic  acid  probably 

necessarnv  ,7  f*  ™S  ^  a  Possible  explanation  but  not 

necessanly  the  only  one.  Both  the  sulfonamide  and  the  pteridine  mi*ht 

funcon  against  the  enzymatic  system  producing  folic  acid.  ® 

capacity  fn  Plendmes  and  Pyrimidines  were  tested  in  chicks  for  their 
1948  2  A  mCreaSu  gr0Wth  and  hemoSlobin  fomtation  (Daniel,  et  al 

l  d  met'hvbter  d  ' ’y  Kly’6’7-dipheny'P,eridine  a"d  2-ami„o-4-hyd  oxy'I 

showing  a  positive  action  activ^T 


266 


Metabolite  Analogues  of  Pteroylglutamic  Acid 


levels  of  folic  acid.  The  2,4-diaminopterine  which  these  investigators  had 
found  active  in  bacterial  systems  were  inactive  when  tested  in  vivo  on  the 
chick.  The  selective  action  should  make  2,4-diaminopteridines  extremely 
effective  antibacterials.  In  vivo  antibacterial  studies  with  these  agents  have 
not  yet  been  reported. 

The  activity  of  the  2-amino-4-hydroxy  compounds  and  the  inactivity  of 
the  2,4-diamino  compounds  in  vivo  demonstrates  once  again  the  failure  of 
metabolite  antagonists  to  function  equally  in  various  test  systems.  This  very 
fact  magnifies  the  extent  of  the  problem  facing  medical  science,  i.e.,  that  of 
testing  all  metabolite  antagonists  in  those  systems  in  which  it  is  desired  to 
bring  about  a  given  effect  rather  than  to  assume  from  bacterial  studies,  let 
us  say,  that  a  given  agent  would  not  be  effective  in  the  human  being.  The 
reasoning  which  assumes  that  the  production  of  a  vitamin  deficienc\  state 
is  an  all  or  nothing  proposition  must  give  way  to  an  understanding  of  the 
complexity  of  the  situation.  Another  group  of  investigators  (Swendseid,  et 
al.,  1949)  reported  work  using  the  same  pteridine  (2,4-diamino-6,7- 
diphenylpteridine )  in  the  rat.  The  action  of  the  2,4-diarmno  compound 
was  confined  to  an  effect  on  the  leukocyte  system.  Thus,  once  more  we  see 
great  species  variation  (chick  contrasted  to  rat)  in  the  activity  of  metabolite 
displacers.  It  is  also  a  point  worthy  of  emphasis  to  note  the  broad  variations 
in  structure  which  can  produce  metabolite  antagonists. 

There  have  been  several  reports  of  work  the  goal  of  wh.ch  was  the  ap¬ 
plication  of  the  pteridines  to  the  chemotherapy  of  cancer  Gal  (  h  ) 
noted  the  toxic  effects  of  4,6,7-trihydroxy-2-methylpynm1do(4  5-B)  py  a- 
zine  and  2,4-diaminopterine.  The  latter  compound  produced  extensive  kid¬ 
ney  and  liver  damage  in  the  rat.  A  series  of  pteridmes  has  been  reported 
t  Hertz  and  Tullner  1949)  as  affecting  a  quantitative  inhibition  of  estrogen- 

LdSa"  J.  »w.h  id  L 5™  sS 

chick  and  the  estradiol  treated  ovanectomized  rat  were tu 
svstems  The  following  pteridines  were  found  active.  >  ‘  . 

‘Tf p«“.  1” 

pteridine.  Greenberg  (  .  ,  i.jcj.  of  the  series  tested, 

activity  against  Plasmodium  gallmaceum  in  chick.  O^  ac_ 

only  2,4-diamino-6,7-diphenylpter.  me  wa  ine  The  pteridine 

tivity  of  the  compound  was  about  the  ^  by  su,fadiazine.  while 

was  markedly  potentiated  in  i  reversibility  was  not  demonstrated, 

folic  acid  inhibited  the  action,  c  p  7-dicarboxylic  acid, 

The  6,7-dimethyl  and  the  6,7-diamhne,  but  not  the  6,/ 

were  effective  antimalarials.  ...  •  onc  0f  the  naturally 

Xanthopterin,  2-ammo-4,6-di  y  roxyp^  » ^  ^  a  displacer  for  folic 

occurring  pteridines.  It  was  not  an  e  P  t0  have  been  ex¬ 

acid  as  tested  bv  Daniel  et  al.  (1948).  it  does 
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tensively  investigated  as  a  displacer  for  folic  acid  in  various  testing  systems. 
Xanthopterin  was  first  reported  to  play  a  role  in  hematopoiesis  by  Tschesche 
and  Wolfe  (1937)  using  rats  on  a  milk  anemia  diet.  Not  only  xanthopterin 
but  also  erythropterin,  leucopterin,  and  guanopterin  gave  reticulocyte  re¬ 
sponse  in  these  animals.  Following  the  appearance  of  this  work,  xanthop¬ 
terin  has  been  demonstrated  to  cure  fish  anemia  (Simmons  and  Norris, 
1941 ),  to  possess  activity  in  the  regeneration  of  blood  cells  in  dogs  (McKib- 
bin,  et  al.,  1942),  to  counteract  anemia  induced  in  rats  by  diets  containing 
succinylsulfathiazole  (Totter  and  Day,  1943)  and  to  cause  reticulocyte 
responses  and  increases  in  red  and  white  cells  in  monkeys  fed  on  the  vita- 


min-M  deficient  diet  (Totter  et  al.,  1944). 

The  pharmacology  of  xanthopterin  is  of  interest,  viewed  in  the  light  of 
the  possible  metabolite  displacer  action  of  this  pterine.  Horlein  (1941) 
reported  the  lethal  dose  of  xanthopterin  in  mice  as  50  mg./ kg.  The  animals 
died  after  some  days  and  the  main  pathological  findings  were  tubular  de¬ 
generation  in  the  kidneys.  Injection  of  20  mg.  per  kg.  intravenous  into  rab¬ 
bits  caused  a  decrease  in  urine  output  and  even  anuria.  The  pterine  pro¬ 
duced  hyperglycemia  lasting  for  several  days.  This  was  explained  by  the 
degenerative  changes  in  the  pancreas.  The  toxicity  of  pteridines  in  rats  has 
been  investigated  by  LaDu  et  al.,  (1950).  They  studied  five  4-amino- 
pteridine  compounds.  2,4-Diamino-6,7-dihydroxypteridine  and  2,4-di- 
aminopteridine  interfere  with  the  growth  rate  of  the  rat  and  the  latter 


compound  caused  crystalline  deposits  in  the  renal  tubules.  None  of  the 
compounds  studied  altered  the  blood  picture.  Thus,  it  is  apparent  that  the 
pteridines  are  pharmacologically  active  toxic  chemicals,  and  the  possibility 
exists  that  the  basis  of  the  activity  lies  in  metabolite  displacement. 

Evidence  to  substantiate  this  concept  comes  from  the  work  of  Hofstee 
(1949)  who  investigated  the  inhibition  of  the  enzymatic  oxidation  of  xan¬ 
thine  and  xanthopterin  by  other  pteridines.  The  conclusion  was  reached 
that  one  enzyme  was  involved  in  the  oxidation  of  xanthine  and  xanthop¬ 
terin.  Xanthopterin  inhibited  the  oxidation  of  xanthine  to  90  per  cent  when 
oth  are  present  in  equimolar  concentrations.  It  was  noted  that  4-amino- 
pteroy  glutamic  acid  did  not  inhibit  the  oxidases.  2,4-Diamino-6  7-dihv- 
roxyptendme  is  active  as  an  inhibitor  of  xanthine  oxidase,  as  were  some 

y  nt°h  ^  P  meS,'  The  comPetiti™  inhibition  of  xanthine  oxidation  by 
xanthopter"!  Was  also  studied  by  Krebs  and  Norris  (1949)  who  reported 

at  the  relative  rates  of  xanthine  and  xanthopterin  oxidation  in  the  presence 
Of  milk  oxidase  was  approximately  25:1.  Xanthopterin  had  a  lower  dis- 
■  ciat'on  constant  with  respect  to  the  enzyme  than  did  xanthine,  and  thus 

et  aiaaowwPeB'Ve  'nh'b‘t0/  °f  xan,hine  oxidation.  Most  recently,  Lowry 

n r  !ir 
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The  University  of  Washington  group  have  made  extensive  studies  of 
xanthopterin,  reporting  that  it  caused  an  increase  in  the  rate  of  cell  prolifera¬ 
tion  of  both  erythrocytes  and  total  nucleated  cells  in  vitro  in  a  bone  marrow 
suspension  (Norris  and  Majnarich,  1948).  The  action  of  xanthopterin  in 
rat  anemia  produced  by  sulfathiazole  was  much  more  rapid  than  that  of 
pteroylglutamic  acid.  This  is  most  interesting  taken  in  conjunction  with  the 
observation  that  incubation  of  a  liver  suspension  with  xanthopterin  in¬ 
creased  the  “folic  acid”  effect  of  liver  (Wright  and  Welch,  1943).  Norris 
and  Majnarich  (1948a)  studied  the  action  of  a  series  of  pteridines  on  bone 
marrow  cultures.  None  of  the  pteridines  studied  showed  as  great  an  ac¬ 
celeration  of  bone  marrow  as  xanthopterin.  Xanthopterin-7-carboxylic  acid 
and  2-amino-4-hydroxy-7-methylpteridine  strongly  inhibited  bone  marrow 
cell  proliferation,  which  action  could  be  reversed  by  xanthopterin.  Tissue 
culture  experiments  revealed  that  xanthopterin  increased  the  rate  of  cell 
proliferation  in  all  tissues  studied  (Norris  and  Majnarich,  1948b).  2- 
Amino-4-hydroxy-7-methylpteridine  and  xanthopterin-7-carboxylic  acid  in¬ 
hibited  cell  proliferation  and  this  action  was  reversible  by  xanthopterin. 
Folic  acid  had  no  effect  on  the  tissue  cultures  studied.  In  June  of  1948, 
these  investigators  (Norris  and  Majnarich,  1948c)  reported  the  observation 
that  xanthopterin  strongly  inhibited  cell  proliferation  in  tissue  culture  of 
neoplastic  growths.  The  antixanthopterins  stimulated  cell  proliferation  Xan¬ 
thopterin  and  its  metabolite  antagonists  counteracted  the  effect  of  eac 
other  in  equal  concentrations.  Blood  serum  from  individuals  with  cancer 
or  leukopenia  had  the  same  action  in  stimulating  cell  proliferation  in  tissue 


culture  of  human  bone  marrow. 

It  is  clear  that  xanthopterin  merits  a  trial  in  the  chemotherapy  of  cancer 
despite  its  toxicity.  The  lethal  dose  is  around  10  to  50  mg. 
depending  on  the  species  under  test  and  5  m.crograms  of  xanthopterin  per 
ml.  inhibited  neoplastic  tissue  cultures.  For  a  70  kilogram  adult  human 
dosage  of  500  mg.  of  xanthopterin  would  probably  be  safe  and  t  1S  wou 
provide  a  Concentration  of  70  microgram  per  ml.  of  blood,  a  eoncent  abo 
Which  should  be  adequate  for  the  inhibition  of  tumors.  It  may  be  that  such 

testing  has  already  been  done. 


Purine,  Pyrimidine,  and  Folic  Acid  Antagonists 

It  has  been  postulated  .ha,  folic  acid  operates 

l£  Purines  anc|  P|yr7946)eSD(etei,k  oHhis  enzymatic  aspect  are  considered 
948;  Spies,  et  al.,  19  )•  ‘  ,  .  es  The  relationship  of 

n  the  section  on  enzymes  an  ‘herefore  <rf  great  interest.  Hitchings 

lyrimidine  antagonists  to  oic.  growth  inhibitory 

:t  al.  (1948)  demonstrated  for 

action  of  2,6-diaminopunne  and  2,4-diamino  o, 

Lactobacillus  casei. 


Animal  Studies  with  Folic  Acid  Analogues 

The  complexity  of  the  problem  of  metabolite  analogues  and  the  difficulty 
of  interpretation  of  experimental  findings  is  evidenced  in  the  maze  of  inter¬ 
relationships  of  diaminopurines  and  pteridines  with  folic  acid,  with  purines, 
and  with  pyrimidines.  It  is  highly  probable  that  no  given  metabolite  antag¬ 
onist  functions  with  100  per  cent  selectivity  and  this  is  the  redeeming 
feature  of  the  entire  concept  when  it  is  applied  to  pharmacology  and 
chemotherapy.  If  100  per  cent  specificity  did  occur,  differential  require¬ 
ments  of  parasite  and  host  would  be  the  sole  determining  factor  for  thera¬ 
peutic  index;  however,  as  it  is  evident  that  each  antagonist  affects  not  one 
but  several  enzymatic  systems,  it  becomes  apparent  that  metabolite  antag¬ 
onists  designed  for  a  single  metabolite  may  affect  systems  remote  to  that 
metabolite  and  by  so  doing  bring  into  view  pharmacological  properties  of 
great  merit. 

In  the  case  of  the  sulfonamides  we  find  interference  not  only  with  p- 
aminobenzoic  acid  systems  and  pteroylglutamic  acid,  but  with  secondary 
systems  involving  a  diversity  of  metabolites  such  as  methionine,  purines, 
and  others.  Now  pharmacological  and  chemotherapeutic  power  will  be  a 
direct  function  of  the  number  of  metabolic  channels  which  are  obstructed 
by  a  given  molecule  or  series  of  molecules.  As  an  example,  if  the  ultimate 
goal  is  displacement  of  molecule  A  which  is  formed  from  B  by  enzyme  C, 
then  the  logical  approach  is  to  design  a  displacer  for  metabolite  A  to  block 
the  reaction  at  its  endpoint;  to  use  an  antagonist  for  molecule  B  to  prevent 
the  formation  of  A;  and  finally  to  obstruct  the  action  of  enzyme  C  by  one  or 
more  of  several  procedures  available  via  the  metabolite  displacement  con¬ 
cept.  The  multiple  approach  becomes  the  valid  and  logical  one;  no  single 
metabolite  displacer  could  have  the  breadth  of  scope  and  the  effectiveness 
of  several  such  agents  used  in  combination.  This  statement  must  be 
modified,  viz.,  it  is  extremely  improbable  that  a  single  molecule  would  be 
found  possessing  the  merits  of  the  combination.  It  is  probable  that  one  of 
the  major  pit! alls  of  the  application  of  the  metabolite  displacer  concept 
comes  in  an  attempt  to  isolate  a  given  reaction  and  its  enzyme  when  we 
know  that  enzymes  act  in  concert,  that  they  perform  in  groups,  that  no 
single  enzyme  is  an  island  unto  itself;  thus,  our  studies  in  isolated  systems 
have  validity  only  when  viewed  in  the  light  of  the  complexity  of  the  inter¬ 
related  enzymatic  processes  which  make  up  the  anabolic  and  metabolic 
chains  of  living  matter. 


Animal  Studies  with  Folic  Acid  Analogues 

T.heitn,rst  foi'c  acid  displacing  agent  to  be  synthesized  and  tested  was 

me  Yu  i'CI  ™artin-  et  al'’  I947)  which  has  been  variously  designated 
as  methylfohc  aad,  7-methylfolic  acid,  x-methylfolic  acid,  and  crud^e  folic 
acid  antagonist.  The  several  designations  are  due  to  a  divergence  of  opinion 
on  the  structure  of  the  agent  produced  by  the  interaction  of  2,4,5-trha  Yto- 
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6-hydroxypyrimidine,  p-aminobenzoylglutamic  acid,  and  2,3-dibromo- 
butyraldehyde. 

Franklin  et  al.  (1947)  confirmed  the  efficacy  of  this  agent  as  a  folic  acid 
displacer  for  bacteria,  and  also  tested  it  in  rats.  The  antagonist  was  fed  in 
the  diet  at  a  level  of  1  to  10  grams  per  kilogram  of  diet.  The  syndrome 
produced  was  similar  to  but  more  acute  than  that  induced  by  feeding  puri¬ 
fied  diets  with  succinylsulfathiazole  and  included  slowing  of  growth,  reduc¬ 
tion  of  hemoglobin,  and  marked  reduction  of  the  white  count.  The  differ¬ 
ential  white  count  showed  a  more  marked  reduction  in  the  granulocytes 
than  in  the  lymphocytes.  At  autopsy,  the  oral  cavity  showed  necrotic  and 
ulcerative  lesions.  Reversal  of  the  syndrome  induced  by  the  displacer  was 
complete  except  that  splenomegaly  occurred  and  was  not  reversed.  Ir¬ 
reversibility  of  antagonists  is  of  tremendous  importance  in  a  consideration 
of  possible  clinical  application.  Any  manifestation  of  the  activity  of  a  given 
molecule  which  is  not  reversible  is  a  mark  against  that  molecule  from  the 
standpoint  of  its  ultimate  toxicity  on  clinical  application. 

This  same  group  of  investigators  (Franklin,  et  al.,  1947a)  subsequently 
extended  their  work  to  include  mice  and  chicks.  The  deficiency  states  in¬ 


duced  did  not  differ  significantly  from  those  seen  in  the  rat.  The  authors 
emphasize  the  reversibility  of  the  action  of  the  antagonist.  Welch  et  al. 
(1947)  applied  the  same  antagonist  in  the  production  of  a  pteroylglutamic 
acid  deficiency  in  the  pig.  Their  emphasis  was  on  the  fact  that  the  effect  of 
the  methylfolic  acid  was  reversed  by  the  administration  of  a  crude  source  of 
extrinsic  factor  (essentially  free  of  PGA)  together  with  normal  human 
gastric  juice.  The  technic  was  offered  as  a  suitable  bioassay  tool  for  the 
study  of  antianemic  substances. 

The  Cleveland  group  (Weir  et  al.,  1948)  also  reported  the  production  of 
folic  acid  deficiency  in  mice  by  the  use  of  a  folic  acid  antagonist.  In  the 
deficiency  state,  the  marrow  of  mice  showed  maturation  arrest  with  hyper¬ 
plasia  of  immature  elements  and  marked  reduction  of  more  adult  forms. 
This  led  to  the  suggestion  that  pteroylglutamic  acid  was  not  necessary  for 
the  formation  of  the  most  immature  blood  elements  but  was  required  for 
maturation.  Immature  elements  are  generally  seen  in  the  peripheral  blood 
of  animals  with  antagonist-induced  folic  acid  deficiency. 

It  is  surprising  that  this  antagonist,  which  is  completely  reversible,  has 

not  received  clinical  consideration  of  significance.  . 

The  focus  of  attention  in  the  field  of  folic  acid  antagonists  has  been  on 

4-arn i n opteroy I glutam i c  acid  (aminopterin).  The  effect  of  this  age*  wa 
studied  in  mice  (Franklin  ,ct  al.  1948)  and  in  rats  and  chicks  (Oleson  e 

al..  1948).  Death  Zn  byfLing  high 

—  contrast  to  bacteria,  test  sy^enrs 
!„  which  compline  reversal  occurred.  This  same  antagonist  was  found  ef 
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fective  in  guinea  pigs  (Minnich  and  Moore,  1948)  in  which  blood  changes 
were  induced  which  could  not  be  reversed  by  either  folic  acid  or  liver  ex¬ 
tracts.  If  administration  of  the  inhibitor  was  stopped,  the  hematological 
changes  reversed  and  normality  ensued.  Simultaneous  administration  of 
folic  acid  and  the  antagonist  resulted  in  prevention  of  the  development  of 
the  leukopenia  and  thrombocytopenia  but  not  of  the  anemia.  4-Amino- 
pteroylglutamic  acid  was  reported  (Swendseid,  et  al.,  1948)  to  be  the  most 
powerful  inhibitor  of  folic  acid  in  a  series  which  included  2,4-diamino-6,7- 
diphenylpteridine,  4-desoxypteroylglutamic  acid  and  4-aminopteroyl- 
glutamic  acid.  The  pteridine  seemed  to  have  a  preferential  effect  on  the 
leukocytes  by  contrast  with  the  more  complex  molecules  which  affected 
both  the  red  and  white  cells. 

The  St.  Louis  group  (Innes  et  al.,  1949)  reported  details  of  their  earlier 
presentation  of  the  hematological  changes  induced  in  guinea  pigs  by  the 
administration  of  folic  acid  antagonists.  Pteroylaspartic  acid  and  N10- 
methylpteroic  acid  were  included  in  this  study,  and  were  reported  as  pro¬ 
ducing  little  hematological  effect  when  given  alone  but  as  possessing  the 
capacity  of  potentiating  the  action  of  minimal  dosages  of  4-aminopteroyl- 
glutamic  acid.  Details  of  the  bone  marrow  and  peripheral  blood  hemato¬ 
logical  picture  were  presented. 

The  LD-50  of  4-aminopteroylglutamic  acid  is  1.9  mg.  per  kg.  in  mice  and 
4.5  in  rats  (Philips  and  Thiersch,  1949).  Tenfold  LD-50  dosages  did  not 
cause  the  animals  to  succumb  any  earlier  than  they  did  with  a  single  LD-50, 


namely  on  the  third  day.  Folic  acid  and  pernicious  anemia  factor  administra¬ 
tion  did  not  alter  the  acute  toxicity  of  the  compound.  Severe,  watery  diar¬ 
rhea  characterized  the  state  of  toxicity.  Rats  receiving  intraperitoneal  doses 
of  1.25  mg.  per  kilogram  of  the  antagonists  survived  100  per  cent;  whereas 
doses  as  low  as  0.25  mg.  per  kilogram  given  daily  for  eight  days  caused 
60  per  cent  mortality.  This  is  a  point  of  major  interest  when  one  considers 
the  potentiality  of  producing  immediate  profound  deficiency  states  affecting 
rapidly  metabolizing  cancer  cells  but  not  normal  tissue  cells.  The  toxicity  of 
these  agents  to  cancer  cells  may  approach  immediacy,  whereas  the  bone 
marrow  effects  take  time  to  reach  a  climax.  Microscopic  pathology  of  ani¬ 
mals  treated  with  the  antagonist  show  marked  edema,  desquamation  of 
mucosa,  and  leukocytic  infiltration.  In  general,  the  lymphoid  tissues  de¬ 
creased  in  size.  Additional  histopathology  of  rats  on  4-aminopteroylglutamic 
acid  is  presented  by  Higgins  (1949). 

Thiersch  and  Philips  (1949)  report  the  development  in  dogs  under  treat- 

Tctenzld  bv  danl'nh°Pter0yl8lUn,amiC  add  °f  3  Sprue-likc  syndrome,  char- 
acterized  by  d.arrhea,  peripheral  leukopenia,  depletion  of  bone  marrow 

The  syndrome  was  essentially  similar  to  that  seen  in  rats,  mice  »ui„e  ™ 

P.gs,  and  monkeys.  In  the  latter  species,  aminopterin  induct  CZX 
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during  the  induction  of  a  deficiency  state  and  during  the  recovery  period 
(Dinning  et  al.,  1949a). 

Chick  embryos  are  profoundly  affected  by  folic  acid  antagonists.  Wayley 
and  Morgan  (1949)  report  that  4-aminopteroylglutamic  acid  causes  a 
marked  diminution  in  the  number  and  size  of  the  blood  islets  in  the  yolk 
sac  of  seven  day  old  embryos.  Liver  extract  and  vitamin  B12  did  not  re¬ 
verse  this  effect  but  folic  acid  tended  to  reduce  though  not  to  eliminate  the 
antagonistic  action.  N-Methylpteroic  acid  had  no  effect.  Methyl-4-amino- 
pteroylglutamic  acid  was  less  active.  The  4-amino  folic  acid  analogues  with 
aspartic  acid,  threonine,  and  alanine  replacing  glutamic  acid  in  the  molecule 
were  reported  to  be  less  toxic  than  4-aminopteroylglutamic  acid  (Kamof- 
sky  et  al.,  1949)  as  tested.  2,6-Diaminopurine  was  not  an  active  growth  in¬ 
hibitor  of  the  chick  embryo. 

Ritter  and  Oleson  (1949)  presented  one  of  the  few  reports  indicating 
reversal  of  the  toxic  action  of  4-aminopteroylglutamic  acid  by  folic  acid  in 
the  rat.  Recently,  4-aminopteroylaspartic  acid  has  been  investigated  in 
bacteria,  in  the  chick  and  in  the  rat  and  found  to  produce  essentially  the 
same  manifestations  as  does  the  corresponding  glutamic  acid  molecule 
(Woll,  1949;  Hutchings,  et  al.,  1949).  A  difference  existed  in  that  the 
deficiency  induced  in  the  chick  and  the  rat  by  4-aminopteroylaspartic  acid 
was  not  precipitous  in  nature  but  gradual  in  onset. 

Animal  studies  have  been  conducted  with  one  other  folic  acid  antagonist, 


namely  4-amino-10-methylpteroylglutamic  acid  (Franklin,  et  al.,  1949a) 


These  studies  demonstrated  that  the  compound  was  an  effective  antagonist 
in  the  chick,  rat,  and  bacterium.  The  action  was  completely  reversible  in  the 
bacterial  system  but  could  not  be  effectively  reversed  in  the  rat.  Oleson 
MQS01  renorts  a  series  of  new  folic  acid  analogues  which  for  purposes  ot 


treated  animals. 


Animal  Studies  Involving  Tumor  Chemotherapy 


with  Folic  Acid  Analogues 


- 
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studied  the  Rous  chicken  sarcoma  and  its  reaction  to  folic  acid,  and  de¬ 
rivatives,  and  to  a  folic  acid  free  diet.  Similar  observations  were  reported 
by  Little  et  al.,  (1948)  in  the  same  issue  of  the  transactions  of  the  New 
York  Academy  of  Science. 

It  will  be  recalled  that  the  Rous  chicken  sarcoma  is  a  virus  disease  and 
that  it  does  not  necessarily  bear  any  relationship  to  other  types  of  tumors. 
Little  and  his  associates  were  able  to  prevent  tumor  development  in  chicks 
maintained  on  a  synthetic,  folic  acid  free  diet.  It  was  therefore  not  surpris¬ 
ing  that  the  same  result  was  obtained  using  folic  acid  displacing  agents:  4- 
aminopteroylglutamic  acid  and  4-aminopteroylaspartic  acid.  It  was  sug¬ 
gested  that  the  action  of  the  antagonists  is  primarily  that  of  prevention  of 
the  multiplication  of  the  virus  with  consequent  inhibition  of  growth  of  the 
sarcoma.  The  injection  of  400  micrograms  daily  of  4-aminopteroylaspartic 
acid  both  decreased  markedly  the  number  of  chicks  developing  tumors  and 
caused  a  delay  in  the  appearance  of  tumors  in  those  chicks  which  were  not 
completely  protected.  At  doses  of  100  micrograms  daily,  4-aminopteroyl¬ 
aspartic  acid  and  4-aminopteroylglutamic  acid  with  d(  — ) glutamic  acid 
were  far  more  active  than  4-amino-N-methylfolic  acid,  4-amino-N-methyl- 
pteroic  acid,  and  pteroylaspartic  acid.  The  folic  acid  antagonists  were 
capable  of  preventing  further  growth  of  a  tumor  already  established.  An 
extension  of  nutritional  studies  on  Rous  chicken  sarcoma  indicated  that 


tumor  response  was  stimulated  by  folic  acid,  nicotinamide,  calcium  panto¬ 
thenate,  riboflavin,  and  cholic  acid.  Folic  acid  was  however  the  only  factor 
the  absence  of  which  completely  prevented  any  tumor  response  (Little,  et 
al.,  1948a).  These  observations  strongly  suggest  the  probability  that  the 
use  of  displacement  agents  for  several  factors  essential  to  the  growth  of  the 
tumor  might  well  result  in  more  effective  chemotherapy. 

The  Lederle  group  (Little,  et  al.,  1948b),  reporting  extended  studies, 
concluded:  “It  is  evident  from  our  experiments  that  Rous  chicken  sarcoma 
may  be  controlled  by  regulating  the  amount  of  pteroylglutamic  acid  in  the 
tissues  of  the  chicken,  either  by  use  of  synthetic  folic  acid  free  diets  or 
by  use  of  suitable  chemical  antagonists.”  These  investigators  found  4-amino- 
pteroy  aspartic  acid,  4-aminopteroyl-d(-)glutamic  acid  and  4-amino-N- 
methylpteroylglutamic  acid  effective  agents  for  controlling  available  pteroyl- 
g  u  amic  acid  in  the  chick.  With  these  compounds,  it  was  possible  to  reach 
a  differential  point  at  which  the  body  was  provided  with  enough  folic  acid 

T°hreSZc  o  e,hlC  7°r  7s  depri7d  °f  supplies  of  this  factor 

he  toxicity  of  the  chemicals  was  directly  associated  with  the  severity  of 
he  deficiency  state  produced.  The  dosage  used  for  tumor  inhibition 
experiments  was  80  mg.  per  kilogram  of  diet  which  was  fed  ad  libitum  Th 

sr  -  —  ntrr 

Oleson  (1950)  fa  Table  7  SarCO"la  'S  ‘hat  PreSented  ^ 
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Table  IV I 


The  Inhibitory  Effect  of  4-Amino  Compounds  on  the  Activity  of 
Pteroylglutamic  Acid  in  Growth  of  Rous  Sarcoma 


Compound 


4-Aminopteroylglutamic  acid 
(aminopterin ) 

4-Aminopteroylglutamyl  glycine 

4-Aminopteroylglutamyl-£- 

alanine 

4-Aminopteroyl-d(  —  )  glutamic 
acid 

4-Aminopteroylaspartic  acid 


4-Aminopteroylthreonine 

4-Aminopteroyl-a-alanine 

4-Aminopteroylserylglutamic 

acid 


Am’t  Inj.  Daily/ 
Ain’t  of  PGA 

Total  No. 
of  Chicks 

%  Chicks 
w.  Tumors 

Avg. 

T  utnor 
Size 

IO7/ IO7 

0(10)* * 

— 

— 

IO7/25O7 

6(10)* 

83 

+  + 

IO7/IO7 

2(10)* 

0 

0 

257/ IO7 

0(10)* 

— 

— 

IO7/ IO7 

2(10)* 

0 

0 

257/ IO7 

0(10)* 

— 

— 

57/2O7 

10 

70 

+  +  + 

2O7/2O7 

10 

60 

+  +  + 

IOO7/57 

10 

0 

0 

IOO7/IO7 

10 

20 

+ 

IOO7/257 

9 

33 

+ 

IO7/IO7 

10 

50 

+  + 

257/IO7 

10 

20 

+ 

IO7/ IO7 

10 

70 

+  + 

257/ IO7 

10 

60 

+  + 

5O7/2O7 

10 

90 

+  +  + 

IOO7/2O7 

10 

30 

-j—  -j— 

2OO7/2O7 

10 

30 

4- 

5OO7/2O7 

9 

0 

6 

IOOO7/2O7 

6 

0 

0 

The  Inhibitory  Effect  of  Other  Related  Compounds  on  the  Activity  of 
Pteroylglutamic  Acid  in  Growth  of  Rous  Sarcoma 


9,10-Dimethylpteroylglutamic 

acid 

6- M ethyl-7 -pteroylglutamic  acid 

7- Methylpteroylglutamic  acid 

7-Carboxy-6-pteroylglutamic  acid 
Pteroyl-(  d )  -serylglutamic  acid 
Controls 


IO7/IO7 

IOO7/IO7 
5OO7/ IO7 

IO7/IO7 

IOO7/IO7 

5OO7/IO7 

IOOO7/2O7 

IO7/IO7 

IOO7/IO7 

5OO7/IO7 

IOO7/2O7 

IOOO7/2O7 

5O7/2O7 

10 

20 


10 

20 

+  + 

9 

22 

+ 

10 

30 

+ 

10 

50 

+  + 

9 

77 

+  + 

8 

87 

+  + 

10 

80 

+  +  + 

10 

50 

+  + 

10 

20 

+ 

9 

22 

+ 

9 

100 

+  +  + 

9 

88 

-j — |-  + 

7 

28 

+  + 

20 

85 

+  + 

10 

100 

+  +  + 

f  From  Oleson,  J.  L  Tr.  N.  Y.  of  compounds  reduced  the  num- 

*  Signifies  the  original  numbers  used  whe  -  y 
ber  of  birds  in  the  group. 
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It  was  to  have  been  anticipated  that  other  investigators  would  try  this 
class  of  antagonists  in  different  tumors.  An  early  phase  was  that  directed 
at  hormone-induced  changes  in  bodily  structures.  Hertz  (1948),  using  a 
crude  methylfolic  acid  preparation,  demonstrated  that  this  chemical 
markedly  reduces  the  tissue  growth  response  to  maximally  effective  doses  of 
diethylstilbestrol  in  the  chick  maintained  on  a  normal  stock  diet.  The  in¬ 
hibition  was  promptly  reversed  by  folic  acid  supplements.  The  crude  folic 
acid  antagonist  was  fed  at  1  per  cent  levels  in  the  diet.  Hertz  indicates  pos¬ 
sible  application  of  such  observations  to  the  control  of  those  human  cancers 
in  which  estrogens  are  known  to  play  a  role;  thus,  cancers  of  the  prostate 
and  breast  are  known  to  be  retarded  by  partial  elimination  from  the  body 
of  the  hormones  involved  in  the  normal  metabolism  of  these  organs.  Inhibi¬ 
tion  of  oviduct  response  to  estrogens  in  frogs  had  been  shown  to  be  markedly 
decreased  (Goldsmith  et  al.,  1948-49)  by  the  administration  of  4-amino- 
pteroylglutamic  acid.  The  effect  was  not  reversed  by  concentration  of  folic 
acid  exceeding  that  of  the  antagonists  by  a  factor  of  100.  The  list  of  antag¬ 
onists  effective  in  the  estrogen-induced  tissue  response  system  was  enlarged 
(Hertz  and  Tullner,  1949)  to  include  4-amino-N10-methylpteroylglutamic 
acid,  4-aminopteroylaspartic  acid,  and  4-desoxypteroylglutamic  acid.  A 
series  of  four  pteridines  proved  ineffective  in  the  dosages  employed.  These 
studies  rather  clearly  demonstrate  that  any  folic  acid  antagonist  will  possess 
the  capacity  to  inhibit  hormonally  induced  changes  in  various  organs.  Bio¬ 
chemical  evidence  of  the  efficacy  of  folic  acid  antagonists  in  the  prevention 
of  estrogen  response  lies  in  the  decreased  amount  of  alkaline  phosphatase 
in  the  oviduct  of  the  chick  after  estrogen  treatment  (Andrus  and  Zarrow, 
1949). 


Brendler  (1949)  reasoned  that  if  folic  acid  antagonists  inhibited  estrogen- 
induced  responses  in  tissues  they  should  also  nullify  the  depressant  effect  of 
estrogens  on  the  rat  prostate.  His  work  demonstrated  that  this  was  in  fact 
the  case.  4-Aminopteroylglutamic  acid  interfered  with  the  ordinary  depres¬ 
sive  influence  of  alpha-estradiol  on  the  rat  prostate.  The  antagonist  itself 
possessed  no  androgenic  potential  nor  did  it  interfere  with  the  androgen 
stimulation  of  tissue  growth,  thus  the  average  weight  of  rat  prostate  follow¬ 
ing  testosterone  was  380  mg.  and  following  testosterone  and  4-amino- 
pteroylglutamic  acid  it  was  406  mg.  This  is  rather  startling  because  the 
implication  is  that  the  antagonist  interferes  with  positive  and  negative 
aettons  of  the  estrogens  and  does  not  interfere  with  the  positive  action  of 

U94n9a0f949MehPr0blem  “  COntusinS  because  Goldsmith  et  al. 

( 1949a,  1141b)  have  reported  that  the  seminal  vesicles  of  castrated  male 
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It  would  be  phenomenal  if  this  sex  hormone  response  as  related  to  folic 
acid  differed  between  the  androgenic  and  estrogenic  agents.  It  seems  prob¬ 
able  that  if  this  were  the  case  the  observation  would  be  the  first  of  its  kind. 

Mouse  leukemia  has  also  responded  to  metabolite  antagonists  of  this 
class.  Thus,  the  transplanted  leukemia  of  Ak  mice  is  partially  controlled 
either  by  a  folic  acid  free  diet  or  by  a  crude  methylfolic  acid  compound 
(Weir  et  al.,  1949).  Parallel  observations  (Burchenal  et  al.,  1949;  Law  et 
al.,  1949;  Burchenal  et  al.,  1949a)  have  established  the  effectiveness  of 
4-amino  folic  acid  antagonists  against  some  strains  of  transplanted  mouse 
leukemia.  The  prevention  of  the  effect  of  4-amino-N10-methylpteroyl- 
glutamic  acid  on  mouse  leukemia  by  folic  acid  has  been  demonstrated  by 
Burchenal  et  al.  (1949b).  Ten  to  20  times  as  much  pteroylglutamic  acid 
as  antagonist  was  required  for  nullification  of  the  displacer  action.  The 
induction  of  resistance  to  4-amino-N10-methylpteroylglutamic  acid  in  a 
strain  of  transmitted  mouse  leukemia  has  been  reported  (Burchenal  et  al., 
1950)  and  offered  as  a  possible  explanation  of  the  eventual  failure  of  folic 
acid  antagonist  therapy  in  patients  with  acute  leukemia. 

Sarcoma  180  is  inhibited  in  its  development  of  4-amino-N10-methyl- 
pteroylglutamic  acid  (Moore  et  al.,  1949).  The  compound  is  stated  to  ex¬ 
hibit  the  most  favorable  therapeutic  index  of  some  700  miscellaneous  com¬ 
pounds  tested.  It  was  administered  intraperitoneally  in  concentration  of  1.5 
mg.  per  kilogram  per  day  for  seven  days.  Few  mice  died  on  this  level.  The 
inhibition  was  most  apparent  when  the  compound  was  administered  early. 
The  corresponding  compound  (Sugiura  et  al.,  1949),  4-aminopteroyl- 
glutamic  acid,  was  also  effective  against  sarcoma  R  39  in  rats.  The  thera¬ 
peutic  index  was  poor  and  many  treated  animals  died.  The  compound  at 
toxic  levels  inhibited  the  growth  of  sarcoma  1 80,  mammary  adenocarcinoma 
EO  771,  and  Harding  Passey  melanoma  in  mice.  It  was  inactive  against 
spontaneous  breast  cancer  in  mice  and  did  not  affect  the  growth  capacity 
of  tumor  fragment  of  sarcoma  180,  adenocarcinoma  EO  771,  or  Harding 
Passey  mouse  melanoma  when  these  tumors  were  exposed  for  24  hours  to 
solutions  containing  0.1  per  cent  4-aminopteroylglutamic  acid.  Neither  4- 
aminopteroylglutamic  acid  nor  4-amino-N  1 0-methylpteroylglutamic  acid 
produced  permanent  damage  to  erythrocyte  production  mechanisms  or  to 
sarcoma  180  (Thiersch  and  Stock,  1949),  complete  recovery  occurring 
within  five  days  after  cessation  of  treatment  with  the  metabohte  antagoms^ 
Schoenbach  et  al.  (1949)  reported  that  daily  doses  of  0.2  to  °.3  mg. p 
kilogram  of  4-aminopteroylglutamic  acid  administered  to  mice  dim  n. shed 
the  weight  of  tumors  (sarcoma  180)  and  caused  a  marked  alteration  in 
histological  appearance.  The  lethal  dose  of  the  "’etahote  anUtgomst^wa 
,  2  t0  |  4  m„  „cr  kilogram  in  mice.  Complete  reversal  of  he  4-ammo 

pteroylglutamic  ^icid  inhibition  of  sarcoma  180  is  effected  by  fohe  acd 
(Goldin,  et  al.,  1949). 
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The  most  recent  application  of  folic  acid  antagonists  has  been  in  the  field 
of  plant  tumors.  DeRopp  (1949)  used  carrot  fragments  on  which  tumors 
had  been  induced  by  crown  gall  bacteria  as  testing  systems.  4-Amino- 
pteroylglutamic  acid,  4-amino-N10-methyl-PGA,  4-amino-9,N  10-dimethyl 
PGA,  and  4-amino-9-methyl-PGA  were  all  highly  effective  inhibitors. 
Pteroylaspartic  acid,  pteroyl-dl-aspartic  acid,  N  10-methylpteroic  acid,  9- 
methyl-PGA,  4-aminopteroylaspartic  acid,  4-aminopteroyl-dl-2-alanine, 
and  4-amino-dl-threonine  were  all  inactive  or  relatively  so. 

Thus,  it  is  apparent  that  folic  acid  antagonists  are  effective  inhibitors 
of  the  Rous  chicken  sarcoma,  mouse  leukemia,  sarcoma  1 80  of  mice,  mam¬ 
mary  adenocarcinoma,  and  Harding  Passey  melanoma  in  mice.  Many 
different  types  of  metabolite  antagonists  possess  cancer  inhibitory  capacity, 
and  not  more  than  a  dozen  different  structural  modifications  have  been 
tested  out  of  a  possible  hundred  or  more  such  molecules.  With  the  evidence 
at  hand,  it  is  vital  that  all  structural  analogues  of  pteroylglutamic  acid 
possessing  activity  as  antagonists  be  tried  in  tumor  chemotherapy,  alone 
and  in  combination  with  other  metabolite  displacers. 

The  time  factor  must  be  given  consideration,  i.e.,  it  may  be  possible  to 
produce  for  a  limited  period  of  time  a  marked  folic  deficiency  which  will 
result  in  the  death  of  the  more  rapidly  metabolizing  tumor  cell  without 
serious  injury  to  the  tissue  body  cell.  Considering  the  vast  possibilities, 
work  in  this  field  has  only  begun. 
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The  clinical  application  of  metabolite  analogues  of  pteroylglutamic  acid 
was  stimulated  by  earlier  reports  on  the  use  of  pteroyltriglutamic  acid 
(teropterin).  Farber  and  his  associates  (1947)  treated  some  90  patients 
with  malignant  disease  using  teropterin  and  diopterin.  The  patients  were 
far  advanced  cases  with  acute  leukemia,  carcinoma,  Hodgkin's  disease, 
osteogenic  sarcoma,  and  many  other  types  of  malignancies.  Teropterin  was 
used  in  dosages  of  from  10  to  150  mg.  intramuscularly  and  from  20  to  500 
mg.  intravenously.  The  conclusion  was  reached  that  the  drugs  were  nontoxic 
and  that  improvement  in  energy,  appetite,  and  sense  of  well-being  occurred. 
However,  an  analysis  of  all  clinical  findings  with  teropterin  is  presented  by 
Rhoads  (1949)  and  it  would  seem  that  despite  the  few  favorable  reports 
teropterin  can  be  dropped  from  consideration  in  the  chemotherapy  of 
cancer.  Its  use,  however,  was  an  important  factor  in  the  growth  of  interest 
among  clinicians  in  the  true  antagonists  of  folic  acid. 

The  relationship  of  folic  acid  to  the  bone  marrow  and  to  the  blood 
forming  system  ,n  general  made  obvious  the  probability  that  folic  acid 
antagonists  would  be  effective  in  the  treatment  of  the  leukemias.  Acting  on 
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toxic  but  it  did  induce  temporary  remissions.  The  use  of  pteroylaspartic 
acid  on  14  children  with  leukemia  and  of  methylpteroic  acid  on  seven 
similar  cases  is  recorded  in  this  report.  One  case  treated  with  pteroylaspartic 
acid  in  doses  of  40  mg.  showed  at  autopsy  a  markedly  hypoplastic  bone 
marrow.  Farber  dismissed  both  pteroylaspartic  acid  and  methylpteroic  acid 
with  the  comment  that  the  results  were  encouraging  and  led  to  the  testing 
of  aminopterin.  It  is  interesting  that  4-aminopteroylglutamic  acid  was 
selected  because  it  was  well  known  that  the  toxic  effect  of  this  compound 
cannot  be  reversed  in  mice  by  the  administration  of  folic  acid.  Of  the  16 
patients  treated  with  aminopterin,  ten  showed  clinical,  hematological,  and 
pathological  evidences  of  improvement  of  important  nature  for  a  period  of 
three  months,  which  was  the  duration  of  the  experiment  at  the  time  it  was 
reported.  The  average  dosage  was  1  mg.  of  aminopterin  given  daily  by  the 
intramuscular  route.  Under  treatment  with  aminopterin,  the  white  cell  count 
returned  to  normal  whether  it  was  initially  high  or  low.  The  peripheral 
blood  changes  indicated  an  approach  to  the  normal  with  respect  to  hemo¬ 
globin,  red  cell  count,  and  platelets.  Farber  mentions  the  toxic  manifesta¬ 
tions  as  being  primarily  stomatitis  with  early  ulceration.  One  is  led  to 
wonder  if  ascorbic  acid  metabolism  might  not  be  involved  in  the  toxic 
lesions  of  the  oral  cavity,  particularly  in  view  of  the  work  of  Johnson  and 
Dana  (1948)  demonstrating  ascorbic  acid  as  a  complicating  factor  in  folic 
acid  deficiency  in  the  rat. 

Spies  and  his  associates  (1947)  first  tested  metabolite  analogues  of  folic 
acid  in  human  beings.  They  were  interested  in  checking  the  specificity  ot 
the  folic  acid  molecule  and  reported  that  methylfolic  acid  was  ineffective  in 
stimulating  blood  regeneration  in  two  persons  with  macrocytic  anemia. 
Methylfolic  acid  was  administered  in  doses  of  20  to  40  mg.  orally  daily  for 
12  days.  Later  these  investigators  tried  methylfolic  acid,  N-(4-(  (4-quin- 
azoline)  amino)  benzoyl) -glutamic  acid,  the  magnesium  salt  of  formylpter- 
oylglutamic  acid,  the  magnesium  salt  of  formylpteroic  acid,  pteroylaspartic 
acid,  oxyfolic  acid,  and  oxypteroic  acid  (Spies,  et  al.,  1948,  Scholz  et  al., 
1948).  In  the  amounts  administered,  only  the  magnesium  salt  of  formy - 
pteroylglutamic  acid  effected  a  reticulocytosis  and  an  increase  in  red  blood 


cells. 

One  most  interesting  phase  ot  the  specificity  aspect  of  folic  acid  has  been 
disclosed  by  the  work  of  Meyer  et  al.,  (1949)  who  found  that  .  mg.  o 
4-amino-  10-methylpteroylglutamic  acid  prevented  the  reticulocyte  response 
which  normally  follows  the  administration  of  10-15  gamma  of  vitamin  ,2 
in  the  pernicious  anemia  patient  in  relapse.  This  seems  to  indicate  that  ^ 
will  not  act  in  the  absence  of  folic  acid  and  that  the  two  s  ou  t  c 
tooethcr  in  the  treatment  of  pernicious  anemia. 

Meyer  (1948)  used  N-(-4-(((2-amino-4-hydroxy-6-pter,dyl)methyl)- 
amfnoy)benZoyl,-d,l-aspartic  acid,  and  4-(N-((2-amino-4-hydroxy-6-pten- 
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dyl )  methyl ) N-methylamino )  benzoic  acid  in  leukemic  patients  and  found 
that  there  was  a  reduction  in  the  total  white  cells  with  a  temporary  shift 
to  the  right.  Dosages  ranged  from  20  to  80  mg.  daily  intramuscu  ar  y. 

In  1948,  two  reports  appeared  both  confirming  and  extending  t  e  origi¬ 
nal  observations  on  the  efficacy  and  limitations  of  folic  acid  antagonists  in 
leukemias.  One  of  these  (Pierce  and  Alt,  1948)  records  results  using 
aminopterin  in  11  cases  of  acute  leukemia.  Remissions  were  obtained  in 
five  instances.  Dosage  was  0.25  to  1.0  mg.  daily  in  children  and  from  1  to  ~ 
mg.  in  adults.  Berman  et  al.,  (1948)  emphasized  the  toxic  effects  produced 
by  aminopterin.  These  include:  pharyngitis,  stomatitis,  sore  tongue,  crampy 
abdominal  pain,  diarrhea,  dermatitis,  and  alopecia.  Pharyngitis  appeared 
almost  simultaneously  with  improvement  in  the  white  count.  The  patients 
in  their  series  were  all  chronic  leukemics  and  the  overall  picture  indicates 
that  toxic  manifestations  supervene  before  clearcut  improvement  occurs. 

In  1949,  further  work  established  the  merit  of  this  approach  to  the 
problem  of  acute  leukemia.  Dameshek  (1949)  used  a  series  of  folic  acid 
antagonists  and  reported  that  one  third  of  acute  and  subacute  leukemic 
patients  whether  adults  or  children  improved  under  treatment.  Results  were 
best  with  relatively  subacute  cases  of  lymphoblastic  or  myeloblastic  type 
disease.  The  effect  was  only  temporary  and  death  occurred.  Toxicity  re¬ 
actions  were  as  reported  by  others.  Tumor  patients  treated  with  folic  acid 
antagonists  show  a  reduction  in  the  number  of  myeloid  and  red  blood  cells 
in  the  bone  marrow  (Thiersch,  1949).  Morphological  changes  in  the  cir¬ 
culating  red  blood  cells  also  occur  in  about  30  per  cent  of  patients  treated 
with  aminopterin.  Both  macrocytosis  and  anisocytosis  are  noted.  The  series 
of  acute  leukemics  treated  by  Stickney  et  al.,  (1949)  included  21  children 
and  33  adults.  The  plan  of  treatment  involved  the  use  of  1  mg.  of  amino¬ 
pterin  intramuscularly  or  orally  every  day  until  toxic  manifestations  ap¬ 
peared.  The  discouraging  aspect  was  that  the  improvements  observed  could 
not  be  maintained.  Complete  remissions  lasting  up  to  four  months  were 
achieved  in  five  of  the  children  and  three  of  the  adults.  No  remissions  were 
maintained  indefinitely. 


In  1950,  the  final  phases  of  determination  of  limitation  and  application 
of  the  folic  acid  antagonists  have  been  reported.  Thus,  Ross  and  Schoem- 
perlen  (1950)  reported  a  single  case  in  which  aminopterin  controlled  the 
acute  stem  cell  leukemia.  The  absolute  number  of  stem  cells  was  reduced 
from  18,000  per  cu.  mm.  to  16  per  cu.  mm.  Toxic  effects  and  a  failure 
to  maintain  the  remission  were  noted.  A  series  of  24  cases  of  acute  leukemia 
in  children  under  treatment  with  aminopterin  and  other  folic  acid  antago¬ 
nists  was  recorded  by  Weber  et  al.  (1950)  who  noted  hematological  a&nd 
symptomatic  improvement,  or  both,  in  20  of  the  cases.  They  used  daily 
osages  of  1  mg.  of  aminopterin  intramuscularly.  It  seems  clear  from  this 
report  and  others  that  the  first  manifestation  of  toxicity  is  ulcerative  lesions 
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of  the  oral  mucous  membranes.  This  group  of  investigators  conclude  that 
while  the  antagonists  did  not  constitute  a  satisfactory  form  of  therapy,  they 
were  more  effective  than  other  forms  of  treatment.  Sachs  et  al.  (1950) 
report  14  cases  of  acute  leukemia;  four  were  myeloid,  seven  lymphoid,  and 
three  acute  monocytic  in  type.  Two  patients  showed  complete  temporary 
clinical  and  hematological  remissions,  three  showed  partial  temporary  re¬ 
missions,  and  the  course  of  the  disease  was  uninfluenced  in  nine  patients. 
The  duration  of  remission  in  one  patient  was  81  days  followed  by  relapse 
and  death.  The  series  of  leukemics  studied  by  Fowler  (1950)  show  essen¬ 
tially  the  same  statistical  results. 

The  use  of  folic  acid  antagonists  is  one  of  the  most  striking  inroads  yet 
made  into  the  realm  of  the  chemotherapy  of  cancer.  It  is  not  a  solution  to 
any  phase  of  the  problem  as  it  now  stands  but  considering  the  hundreds  of 
possible  metabolite  antagonists  of  folic  acid  it  is  immediately  apparent  that 
many  potentialities  remain.  The  toxicity  need  not  necessarily  be  associated 
with  the  therapeutic  efficacy.  This  aspect  can  readily  be  studied  in  animals. 
The  remissions  are  the  main  problem.  In  this,  it  seems  not  improbable  that 
the  use  of  multiple  agents  inhibiting  more  than  one  metabolic  channel 
might  prove  of  value.  There  are  so  many  metabolic  channels  in  any  system 
that  blocking  a  single  one  would  hardly  form  the  best  approach.  Folic  acid 
antagonists  used  in  conjunction  with  purine  displacers  should  be  tried; 
many  probabilities  immediately  present  themselves  as  requiring  attention 
and  resolution. 


Recapitulation 

Effective  metabolite  analogues  for  pteroylglutamic  acid  have  been 
created  by  modification  in  each  of  the  three  major  subdivisions  of  the 
molecule.  Thus,  4-aminopteroylglutamic  acid  represents  a  pteridyl  moiety 
modification;  pteridylsulfoglutamic  acid  a  p-aminobenzoic  acid  moiety 
modification;  and  pteroylaspartic  acid  a  glutamic  acid  moiety  modification. 
Displacers  in  this  series  are  known  with  action  inhibitory  to  the  growth  of 
bacteria  requiring  preformed  folic  acid  and  to  that  of  bacteria  which  can 
synthesize  this  vitamin.  Metabolite  analogues  can  prevent  the  formation  of 
the  factor  and  interfere  with  its  function  as  a  prosthetic  grouping  or  as  a 
cofactor  in  enzymatic  processes.  To  date,  there  is  no  recorded  instance  of 
inhibition  of  the  action  of  a  preformed  pteroylglutamic  acid  enzyme. 

Important  developments  have  resulted  from  study  of  pteridine  mole¬ 
cules  as  folic  acid  metabolite  analogues.  Pterines  have  been  found  to  act 
as  displacers  for  preformed  folic  acid  and  to  inhibit  its  formation.  Further¬ 
more,  purine  analogues  such  as  2,6-diaminopurine  are  effective  displacers. 
The  demonstrated  synergism  of  sulfonamides  and  pteridines  against  Stap  i- 
ylococcus  aureus  and  Escherichia  coli  strongly  invites  extension  of  studies 
to  combinations  of  metabolite  analogues  throughout  the  entire  field. 
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The  syndrome  produced  by  synthetic  folic  acid  free  diets  and  that  pre¬ 
cipitated  by  metabolite  analogues  of  the  vitamin  is  identical.  One  manifesta¬ 
tion  of  the  deficiency  state  produced  in  animals  was  a  marked  lowering  of 
the  white  count,  which  observation  led  to  the  application  of  folic  acid 
displacers  in  the  chemotherapy  of  the  leukemias.  The  limited  efficacy  of 
this  approach  to  the  problem  of  the  control  of  malignancy  has  been  most 
encouraging.  Development  of  resistance  by  a  strain  of  transmitted  mouse 
leukemia  to  the  chemotherapeutic  action  of  metabolite  analogues  of  pteroyl- 
glutamic  acid  is  offered  as  the  explanation  of  the  eventual  failure  of  this 
type  therapy  in  patients  with  acute  leukemia.  In  any  event,  the  displace¬ 
ment  concept  has  afforded  the  most  hopeful  approach  to  the  problem  of 
malignancy,  and  extension  of  study  along  these  lines  may  well  bring  a 
resolution. 
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Chapter  1 3 

METABOLITE  ANALOGUES  OF  THIAMINE 
AND  RIBOFLAVIN 


Metabolite  Analogues  of  Thiamine 

Cl 

— CH2 — N - C— CH;{ 

— NH.,  CH  C— CH2— CHoOH 

•  “  \/ 

HC1  S 

Thiamine 

4-methyl-5-£-hydroxyethyl-N-((2-methyI-4-aminopyrimidyl-(5)) 

methyl)-thiazolium-chloride-hydrochloride 


N 

PH,- L 


1.  Metabolite  Analogues  with  Thiazole  Moiety  Modification. 

2.  Metabolite  Analogues  with  Pyrimidine  Moiety  Modification. 

3.  Enzymes  and  Metabolite  Analogues  of  Thiamine. 

4.  Thiaminase. 

5.  Recapitulation. 


Thiamine  is  an  essential  factor  for  plants,  microorganisms,  and  animals. 
In  the  animal  classification,  all  species  require  the  vitamin  preformed. 
Microorganisms  can  be  classified  into  two  general  categories;  those  which 
can  synthesize  the  nutrilite  and  those  which  cannot.  Further  subdivisions 
can  be  made  into  those  which  are  capable  of  synthesizing  thiamine  Irom  the 
pyrimidine  and  thiazole  intermediates;  those  which  arc  able  to  synthesize 
only  one  part  of  the  molecule,  either  the  pyrimidine  or  the  thiazole  moieties, 
and^ therefore  require  the  other  segment  preformed  for  coupling,  and  fina  y 
^hose  which  can  synthesize  both  portions  of  the  molecule  and  subsequently 

Sy™:mmehlTcfive  as  the  pyrophosphorie  acid  ester  which  is  a  specific 
coenzyme  for  the  carboxylase  in  the  oxidation  of  pyruvic  acid.  Animal 
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states  such  as  peripheral  neuritis,  bradycardia,  hypomotility,  and  atony  of 

the  gastrointestinal  tract  and  similar  symptoms. 

Enzymatic  destruction  of  thiamine  by  raw  fish  meal  results  in  some 
animals  in  the  development  of  a  deficiency  disease  known  as  Chastek 
paralysis.  Clams  also  contain  thiaminase. 

Chemically,  thiamine  consists  of  the  thiazole  and  a  pyrimidine  moiety 
linked  through  the  methylene  bridge.  Either  major  segment  of  the  struc¬ 
ture  might  be  modified  in  whole  or  in  part  for  the  production  of  metabolite 
analogues.  The  methylene  bridge  might  well  be  altered  with  consequent 
production  of  displacers. 


Metabolite  Analogues  with  Thiazole  Moiety  Modification 

Entry  into  this  phase  of  the  displacement  problem  is  credited  to  Woolley 
(1943),  although  Robbins  (1941 )  had  reported  that  the  pyridine  analogue 
of  thiamine  inhibited  the  growth  of  certain  fungi.  Woolley  and  White  syn¬ 
thesized  the  pyridine  analogue  of  thiamine,  (2-methyl-4-amino-5-pyrimi- 
dylmethyl-(2-methyl-3-hydroxyethyl)  pyridinium  bromide)  (Fig.  1),  and 
found  that  this  analogue  produced  in  mice  a  characteristic  deficiency  which 
could  be  either  prevented  or  cured  by  feeding  sufficient  amounts  of  thia¬ 
mine.  These  authors  calculated  that  it  took  about  40  molecules  of  pyrithia- 
mine  to  nullify  the  effect  of  1  molecule  of  thiamine.  This  fact  makes  pyri- 
thiamine  one  of  the  most  powerful  vitamin  antagonists  yet  known. 

Many  bacteria  were  found  susceptible  to  the  thiamine  displacing  action 
of  pyrithiamine  (Woolley  and  White,  1943a)  and  as  would  be  anticipated 
the  susceptible  species  were  those  requiring  added  thiamine  for  growth, 
while  those  not  requiring  added  thiamine  were  not  susceptible.  Organisms 
grown  in  media  containing  pyrithiamine  did  not  produce  increased  amounts 
of  thiamine,  and  it  is  suggested  by  Woolley  and  White  (1943a)  that  the 
nonsusceptible  organisms  do  not  owe  this  characteristic  necessarily  to  thia¬ 
mine  synthesis.  In  keeping  with  the  general  plan,  organisms  requiring  intact 
thiamine  were  about  10  times  as  sensitive  to  pyrithiamine  as  those  requir¬ 
ing  some  portion  of  the  thiamine  molecule,  such  as  the  pyrimidine  portion. 
The  ratio  was  100  times  for  those  bacteria  requiring  both  the  pyrimidine 
and  thiazole  halves  of  the  vitamin.  Using  a  strain  of  Endomyces  vemalis 
Woolley  (1944)  developed  a  type  which  was  resistant  to  the  action  of 
pyrithiamine.  This  resistant  type  still  required  thiamine  or  its  pyrimidine 
portion  as  a  growth  factor.  Pyrithiamine  functioned  as  a  growth  factor  in 
the  absence  of  thiamine,  and  was  reported  to  have  approximately  50  per 
cent  of  the  activity  of  the  vitamin. 

Pyrithiamine  was  studied  in  its  effect  on  the  growth  promotion  by  thia- 

Boss  (°1 948)CWhh  h  kesleanus  and  Vs,i,aZ°  viola™  by  Schopfer  and 
,i  °  .  ( ' 948  ( '  W“h  both  microorganisms,  pyrithiamine  proved  to  be  an  effec- 
mhibitor:  the  antagonism  could  be  completely  overcome  by  increased 
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amounts  of  thiamine.  As  a  source  of  pyrimidine  for  Boquet  strain  of 
Mycobacterium  paratuberculosis  (Lutz,  1948),  pyrithiamine  was  not  effec¬ 
tive.  Other  strains,  listed  as  the  Pellegrini  and  Sohn  variety,  utilized  pyri¬ 
thiamine  completely  as  a  source  of  pyrimidine.  Of  the  varieties  tested,  the 
Boquet  strain  was  the  only  acid  fast  type. 

In  June  of  1949,  Wilson  and  Harris  reported  that  the  method  of  Tracy 
and  Elderfield  (1941 )  which  had  been  used  by  Woolley  and  White  ( 1943) 
to  synthesize  the  chemical  which  was  designated  as  pyrithiamine  actually 
produced  a  mixture  of  compounds  of  unknown  structure.  The  name,  neo- 
pyrithiamine,  was  used  to  designate  the  compound  synthesized  by  these  in¬ 
vestigators  and  established  to  possess  the  structure  which  had  originally 
been  assigned  to  pyrithiamine.  Pyrithiamine  is  probably  a  mixture  of  com¬ 
pounds  having  the  pyridine  and  pyrimidine  moieties  present  in  ratios  of  1 :2. 
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3-(o-aniinobenzyl)-4-methylthiazolium- 

chloride-hydrochloride 

Fig.  1.  Metabolite  analogues  of  thiamine. 
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1:3,  1:4,  etc.  The  biological  activity  of  neopyrithiamine  is  reported  as  being 
four  times  that  of  pyrithiamine,  the  index  of  inhibition  being  about  10:1. 

The  finding  that  the  structure  originally  assigned  to  pyrithiamine  does  not 
actually  apply  hardly  invalidates  the  biological  studies  on  this  compound. 
It  does,  however,  confuse  the  issue,  in  that  it  may  be  that  only  one  molecu¬ 
lar  species  in  the  mixture  called  pyrithiamine  actually  possesses  the  anti¬ 
vitamin  action.  There  may  be,  therefore,  an  exceptionally  powerful  antago¬ 
nist  present  or  a  series  of  antagonists  weaker  than  neopyrithiamine. 

Robbins  (1942)  reported  studies  with  still  another  type  of  thiamine 
analogue,  the  pyrimidine  analogue.  It  was  neither  beneficial  nor  detrimental 
to  the  growth  of  Phycomyces.  The  conclusion  to  be  drawn  is  that  in  the 
systems  tested  this  molecule  did  not  act  as  a  metabolite  displacer  of  thia¬ 
mine.  This  is  rather  strange,  inasmuch  as  Robbins  ( 1941 )  had  noted  growth 
inhibition  of  fungi  by  pyrithiamine. 


Metabolite  Analogues  with  Pyrimidine  Moiety  Modification 


In  1944,  Soodak  and  Cerecedo  studied  oxythiamine  which  had  been  pre¬ 
pared  by  Bergel  and  Todd  (1937)  and  by  Slobodin  and  Ziegel  (1941). 
Bergel  and  Todd  had  reported  absence  of  antineuritic  properties  of  oxy¬ 
thiamine  at  1  mg.  doses  when  assayed  by  the  bradycardia  method.  Soodak 
and  Cerecedo  prepared  oxythiamine  by  the  deamination  of  thiamine  using 
nitrous  acid.  It  produced  a  toxic  effect  in  mice.  Thus  administration  of  the 
chemical  at  levels  of  25  to  50  micrograms  per  day  produced  death  in  two 
weeks  in  young  mice  on  a  thiamine  low  diet  supplemented  by  1  microgram 
of  thiamine. 


Direct  evidence  of  the  effectiveness  of  oxythiamine  as  a  metabolite  dis¬ 
placer  for  thiamine  has  been  presented  by  Frohman  and  Day  (1949).  They 
found  that  oxythiamine  produced  an  accumulation  of  pyruvic  and  lactic 
acids  in  the  blood  of  rats.  Reversal  of  the  effect  was  produced  by  thiamine. 
Quantitative  data  indicated  that  50  gamma  of  the  analogue  produced  symp¬ 
toms  of  acute  thiamine  deficiency  when  the  animals  were  receiving  ap¬ 
proximately  24  gamma  of  thiamine  per  day.  The  data  of  these  investigators 
indicate  that  oxythiamine  is  a  more  powerful  antivitamin  than  is  either 
pyrithiamine  or  the  2-n-butylpyrimidine  analogue  of  thiamine.  In  the  chick 
oxythiamine  is  an  effective  metabolite  analogue  (Daniel  and  Norris,  1949)’ 

hv  F  dlFKCt  C°™panson  of  oxythiamine  and  neopyrithiamine  has  been  made 
by  Eusebi  and  Cerecedo  (1949)  with  neopyrithiamine  found  to  be  the  more 

r  inStT  a  ra,i°  °f  *  -  anLgonUt  of 

but  the  animats  to^l3^d0,^i,,e.P^0d,!Ced  "°  P^neuritis 
n  .  ■  .,  ^  days.  Neopyrithiamine  produced  a  100 
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tween  displacers  aimed  at  the  same  target.  The  replacement  of  4-position 
amino  group  of  the  pyrimidine  by  a  hydroxy  group  produced  a  displacer 
causing  death  with  no  polyneuritic  symptoms,  while  replacing  the  thiazole 
nucleus  by  a  pyridine  ring  causes  a  100  per  cent  incidence  of  polyneuritis. 
This  must  be  a  clue  to  the  specificity  of  segments  of  the  thiamine  molecule 
in  different  physiological  and  biochemical  functions  normally  performed 
by  the  entire  molecular  unit.  The  chemistry  of  oxythiamine  has  recently 
been  presented  (Soodak  and  Cerecedo,  1949).  It  might  be  noted  in  con¬ 
clusion  that  bromoxythiamine  is  not  an  effective  metabolite  analogue 
(Eusebi  and  Cerecedo,  1950). 

Another  derivative  of  thiamine,  the  2-n-butylpyrimidine  homologue, 
has  been  found  (Emerson  and  Southwick,  1945)  to  produce  thiamine 
deficiency  in  rats.  The  effect  of  40  moles  of  the  homologue  was  nullified 
by  1  mole  of  thiamine.  The  corresponding  2-ethyl  derivative  possessed  full 
thiamine  activity  when  tested  with  rats  (Stein  et  al.,  1941),  and  the  2-n- 
propyl  analogue  was  active  in  pigeons  (Schultz,  1940).  It  is  surprising 
that  such  slight  modifications  in  inert  and  theoretically  nonfunctional 
groups  such  as  alkyl  radicals  result  in  complete  reversal  of  vitamin  function. 
It  would  be  interesting  and  theoretically  of  great  importance  to  see  if  side 
chains  of  greater  dimensional  deviation,  such  as  pentyl,  hexyl,  etc.,  would 
possess  antivitamin  properties. 

Potentialities  of  the  application  of  thiamine  displacing  agents  in  the  field 
of  chemotherapy  became  apparent  with  the  publication  of  the  work  of 
Jones  et  al.  (1948).  Using  the  Lansing  strain  of  poliomyelitis  virus  in  white 
Swiss  mice,  they  found  that  oxythiamine  gave  a  significant  degree  of  pro¬ 
tection.  The  protection  afforded  was  not  quite  as  marked  as  that  seen  in 
mice  on  a  low  thiamine  diet  (Foster  et  al.,  1942).  Results  indicate  protec¬ 
tion  during  the  earlier  phases  of  the  experiment;  that  is,  up  to  about  the  21st 
or  22nd  day  there  is  a  marked  protective  action  which  begins  then  to  fade 
out.  Biological  time  seems  to  play  a  role;  it  has  been  proposed  to  try  acute 
and  marked  deficiency  states  produced  by  oxythiamine,  the  thought  being 
that  there  would  be  a  differential  time  element  in  susceptibility  of  host  cell 
and  virus  to  an  acute  and  extreme  deficiency  state  induced  by  oxythiamine. 


Enzymes  and  Metabolite  Analogues  of  Thiamine 

Sarett  and  Cheldelin  (1944)  found  that  less  pyrithiamine :  was  required 
to  inhibit  the  growth  of  Lactobacillus  fermentum  and  Pemctllmm  digttatum 
whet^diphosphothiaminc  (cocarboxylase)  was  used  as  grow,  actor  than 
when  thiamine  was  used.  They  offer  as  an  explanation  °f  lhis  ^servati 
the  su^estion  that  thiamine  must  be  attached  to  the  carboxylase  pat 
“is  phosphorated,  thus  forming  a  carboxylase  enzyme ^dtffete  « 
from  that  obtained  when  diphosphothiamine  is  supplied.  6-Aminopyr 
din™  compounds  also  inhibited  the  utilization  of  diphospho.htamme.  Thts 
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effect  was  not  characteristic  of  6-oxypyrimidines  such  as  uracil,  which  is 
2,6-dioxypyrimidine.  Two  6-aminopyrimidines  were  tested.  2-methyl-5- 
ethoxymethyl-6-aminopyrimidine  and  2-methyl-6-aminopyrimidine. 

Further  potentiality  for  enzymatic  studies  with  thiamine  analogues  comes 
from  the  work  of  Silverman  (1949),  who  reports  the  inhibition  of  the  syn¬ 
thesis  of  thiamine  by  atabrine  in  growing  cells  of  7  orula  utilis.  The  ob¬ 
servation  of  Silverman  that  atabrine  competitively  inhibits  the  dephos¬ 
phorylation  of  cocarboxylase  by  a  dried  yeast  preparation  is  interesting, 
viewed  in  the  light  of  the  results  of  Sarett  and  Cheldelin  (1944),  showing 
that  pyrithiamine  was  more  effective  against  cocarboxylase  than  against 
thiamine  itself.  It  may  well  be  that  inhibition  of  the  dephosphorylation  of 
cocarboxylase  forms  the  basis  of  the  action  of  pyrithiamine  in  antagonizing 
the  growth  promoting  action  of  cocarboxylase  on  Lactobacillus  fermentum, 
this  despite  Silverman’s  statement  to  the  effect  that  the  atabrine  inhibition 
of  cocarboxylase  dephosphorylation  had  nothing  to  do  with  the  growth 
inhibitory  effects  of  the  drug.  His  conclusion  was  based  upon  the  failure 
of  cocarboxylase  to  accumulate  in  cells  grown  in  the  presence  of  atabrine. 

Eusebi  and  Cerecedo  (1950)  have  largely  clarified  the  picture  of  enzy¬ 
matic  mechanisms  and  metabolite  analogues  of  thiamine.  While  oxythia- 
mine  monophosphate  and  neopyrithiamine  were  inactive,  oxythiamine 
diphosphate  (262y)  produced  a  77  per  cent  inhibition  of  pyruvate  de¬ 
carboxylation  in  the  presence  of  4y  of  cocarboxylase.  Oxythiamine  on  the 
othei  hand  prevented  the  formation  of  cocarboxylase. 


Thiaminase 

Sealock  et  al.  (1944)  have  made  an  interesting  approach  to  the  general 
problem  in  their  use  of  various  molecules  in  an  attempt  to  inhibit  the 
action  of  the  enzyme  in  fish  tissue  which  destroys  thiamine.  3-o-Amino- 
benzyl-4-methylthiazolium  chloride  (Fig.  1)  was  active  and  the  mechanism 
suggested  competitive  displacement,  o-,  m-,  and  p-Aminobenzyl  derivatives 
of  2-  or  4-methyl-  and  2,4-dimethylthiazolium  chlorides  were  tested.  The 
results  disclosed  that  the  amino  group  was  not  only  essential  to  the  inhibi¬ 
tion  but  that  it  must  occupy  the  ortho  position,  the  meta  and  para  com¬ 
pounds  being  ineffective.  Further,  the  unsubstituted  benzyl-4-methylthia- 
zo  ium  chloride  was  inactive.  The  methyl  group  in  the  2  position  produced 
an  effective  agent,  provided  the  o-aminobenzyl  radical  was  present.  Either 
tie  -  or  the  4-position  must  be  unsubstituted  for  this  action,  as  the  2  4- 
disubstituted  molecule  was  ineffective. 

Subsequently  from  this  same  laboratory  (Livermore  and  Sealock  1947) 
Xu^oTfh  6  “  °f  addili°nal  benzyl-OMhiazoHum  Chloride 

and  the  o  L  T'  ^  T*  bCnZy1’  °'>  m’’  or  P-nitrobenzyl 
a  ’  ’  and  P-aminobenzyl  quaternary  salts  of  2-  or  4-methvl  9 

4-d, methyl,  and  4-me.hy.-5-/Mrydroxye.hyl, hfazo.es.  Their earl" 
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(Sealock  et  al.,  1944)  had  indicated  that  the  hydroxyethyl  side  chain  was 
not  a  prerequisite  for  activity. 

In  1948,  Sealock  and  Livermore  confirmed  their  earlier  findings  on  the 
effectiveness  of  o-aminobenzyl-(3)-4-methylthiazolium  chloride  as  an  in¬ 
hibitor  of  thiamine  destruction  by  fish  tissue  enzymes.  They  reported  that 
the  degree  of  inhibition  was  increased  by  the  inclusion  of  extra  manganous 
ion.  The  m-aminobenzylthiazolium  salts  not  only  failed  to  inhibit  the  enzy¬ 
matic  destruction  of  thiamine  but  actually  caused  increased  destruction  or 
activation.  The  increased  destruction  of  thiamine  occurred  only  in  the 
presence  of  the  enzyme  extracts  and  not  when  thiamine  was  incubated  with 
the  analogue  alone. 

Oxythiamine,  typical  of  metabolite  analogues  of  thiamine  with  pyrimi¬ 
dine  moiety  modification,  is  an  effective  inhibitor  of  the  action  of  thiaminase 
on  the  vitamin  (Soodak  and  Cerecedo,  1944).  On  the  other  hand,  neo- 
pyrithiamine  while  it  inhibits  destruction  of  thiamine  by  the  enzyme,  does 
so  because  it  is  in  itself  a  substrate  and  is  destroyed  by  thiaminase  (Sealock 
and  White,  1949). 


Recapitulation 


Thus,  in  summary,  it  is  apparent  that  the  relatively  small  amount  of 
work  done  in  this  field  is  associated  with  the  difficulty  of  synthesis  of  thia¬ 
mine  analogues.  There  are  but  four  certain  metabolite  analogues  of  thia¬ 
mine  which  have  been  properly  identified,  and  these  have  been  investigated 
biologically  in  only  a  restricted  sense.  The  material  originally  designated 
as  pyrithiamine  is  of  unknown  composition  and  since  the  same  method 
„,ac  „cpH  in  the  svnthesis  of  the  pyrimidine  analogue  used  by  Robbins 


ly  in  the  fish  enzyme  system.  It  may  or  may  not  be 


a  special  case  tested  only  in 
a  true  displacing  agent. 


_  d  ^mnipv  fnetors.  there  are 
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this  series  is  the  failure  of  oxythiamine  to  produce  polyneuritis  in  contrast 
to  the  100  per  cent  incidence  of  this  manifestation  in  pynthiamine  treated 
animals.  This  observation  establishes  the  individuality  ol  metabolite  ana¬ 
logues  as  reflected  in  biochemical  and  physiological  manifestations  of  this 

toxicity. 
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Riboflavin 

6,7-dimethyl-9-(d-r-ribityl-)iso-alloxazine 


1.  General  Studies  of  Analogues  in  Microorganisms  and  in  Animals. 

a.  Metabolite  Analogues  with  6,7-Dimethyl  Modification. 

b.  Metabolite  Analogues  with  9-Sugar  Moiety  Modification. 

c.  Metabolite  Analogues  with  Ring  Structure  Modification. 

2.  Antimalarials  as  Metabolite  Antagonists  of  Riboflavin. 

3.  Pharmacological  Activity  of  Metabolite  Antagonists  of  Riboflavin. 

4.  Enzymes  and  Metabolite  Analogues  of  Riboflavin. 

5.  Recapitulation. 


Riboflavin  is  an  essential  food  element,  the  absence  of  which  produces 
a  progressive  deficiency  disease  characterized  in  the  rat  by  alopecia,  vas¬ 
cularization  of  the  cornea,  and  often  cataracts.  In  dogs,  the  syndrome  is 
slow  in  developing  but  progressive,  with  loss  of  weight,  vomiting,  bloody 
diarrhea,  flaccid  muscular  weakness,  incoordination,  and  decrease  in  the 
deep  reflexes.  Riboflavin  deficiency  in  humans  is  evidenced  by  lip  lesions, 
as  well  as  lesions  about  the  ears,  nose,  and  eyelids.  Loss  of  appetite  and 


fatigue  are  usually  present. 

Most  microorganisms  and  plants  synthesize  riboflavin  and  there  are  only 
a  few  bacteria  which  require  an  outside  supply  of  this  nutrilite. 

Riboflavin  takes  part  in  a  number  of  different  enzyme  systems.  It  func¬ 
tions  as  a  part  of  the  prosthetic  grouping  in  two  forms,  as  the  mononucleo¬ 
tide  which  is  riboflavin-5 '-phosphoric  acid  and  as  a  dinucleotide  which  is 
riboflavin-adenine-dinucleotide.  Riboflavin-5'-phosphoric  acid  combines 
with  specific  protein  carriers  through  the  phosphoric  acid  group  and  through 
the  slightly  acidic  imino  group  in  3-position  of  the  riboflavin  molecule. 

The^dinucleotide  acts  as  the  prosthetic  grouping  in  diaphorase,  xanthine 
oxidase,  d-amino  acid  oxidase,  etc.  The  mechanism  of  the  coenzyme  action 
appears  to  be  by  its  addition  of  hydrogen  to  the  1-  and  10-positions,  form 
ing  dihydroriboflavin.  In  many  of  their  enzymatic  ocUv-tucs  the  r^bonavui 
enzymes  act  in  harmony  with  the  nicotm.c  acid  enzymes.  Thus  the  dthydro 
nicotinamide  enzymes  are  substrates  for  the  ribofl.vm  enzyme  - 

Chemically  riboflavin  has  the  properties  of  four  classes  or  or 
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activity.  As  a  model  for  the  production  of  metabolite  analogues  riboflavin 
clearly  offers  potentialities  through  change  of  sugar  moiety,  modification 
the  6, 7-dimethyl  units,  or  change  in  ring  structure. 


General  Studies  of  Analogues  in  Microorganisms  and  in  Animals 
Metabolite  Analogues  with  6,7-Dimethyl  Modification 

The  first  of  the  riboflavin  antagonists  to  be  designed  (Kuhn,  Weygand, 
and  Moller,  1943),  was  6,7-dichloro-9-d-riboflavin  (Fig.  2),  which  com¬ 
pletely  inhibited  the  growth  of  Staphylococcus  aureus  in  concentration  of 
x  10-5  grams  per  cc.  Substitution  of  methyl  by  chloro  in  the  6-  or  7- 
or  6,7  positions  was  most  effective. 

Further  investigation  of  the  6,7-dichloro  analogue  was  reported  by 
Schopfer  (1948)  who  noted  inhibition  of  the  growth  of  Eremothecium 
ashbyii,  a  microorganism  which  is  autotrophic  and  capable  of  producing 
riboflavin.  Schopfer  concluded  that  the  inhibition  was  not  due  to  displace¬ 
ment;  however,  this  is  not  a  valid  position  since  the  analogue  may  have 
been  preventing  the  formation  of  riboflavin. 

Emerson  and  Tishler  (1944)  reported  the  production  of  a  riboflavin 
deficiency  by  feeding  isoriboflavin  which  is  the  5,6-dimethyl  analogue  (Fig. 
2)  to  rats  on  diets  containing  suboptimal  amount  of  riboflavin.  The  antago- 
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Fig.  2.  Riboflavin  and  displacers. 
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rustic  effect  of  this  isomer  was  prevented  by  the  feeding  of  adequate  levels 
of  riboflavin.  Isoriboflavin  was  not  oxidized  by  the  riboflavin-oxidizing 
enzyme  of  Pseudomonas  riboflaviano  and  had  less  than  0.5  per  cent  of  the 
activity  of  riboflavin  for  Lactobacillus  casei;  it  had  no  effect  upon  acid 
production  by  this  organism  in  the  presence  of  maximal  amounts  of  ribo¬ 
flavin  (Foster,  1944).  Sarett  (1946)  observed  that  in  the  presence  of  sub- 
optimal  levels  of  riboflavin  or  of  flavin-adenine-dinucleotide,  isoriboflavin 
stimulated  acid  production  by  Lactobacillus  casei.  This  is  interpreted  as 
stimulation  of  the  utilization  of  riboflavin  and  flavin-adenine-dinucleotide 
by  the  bacteria. 

Isoriboflavin  is  therefore  an  effective  metabolite  antagonist  for  ribo¬ 
flavin  in  the  rat  but  is  not  effective  in  the  bacterial  systems  studied.  The 
diaminophenazine  analogue  is  effective  in  both  the  rat  and  bacteria.  This 
variation  in  capacity  of  metabolite  analogues  to  function  as  antagonists 
depending  upon  the  test  mechanism  is  common  to  the  field  in  general. 

Metabolite  Analogues  with  9-Sugar  Moiety  Modification 

Several  derivatives  of  riboflavin  were  made  by  Kuhn  et  al.  (1943)  in 
which  the  substituent  in  the  9-position  was  changed  from  ribose  to  arabi- 
nose,  glucose,  phenyl,  etc. 

6,7-Dimethyl-9-(d-arabo)-isoalloxazine;  9-(d-arabo)  isoalloxazine;  9- 
(d-gluco)-isoalloxazine;  and  6,7-dimethyl-9-(d-xylo)-isoalloxazine  were 
weakly  effective.  In  the  same  series,  5,7-dimethyl-9-(l-arabo)-isoalloxazine; 
9-(l-arabo) -isoalloxazine;  9-(ethoxy) -isoalloxazine;  3-methyl-9-(d-gluco)- 
isoalloxazine;  6,7-dimethyl-9-(d-gluco)-isoalloxazine;  3,6,7-trimethyl-9-(d- 
gluco) -isoalloxazine;  tetramethylene-9-(l-arabo) -isoalloxazine;  6,7-dimeth- 
ylisoalloxazine-9-acetic  acid;  isoalloxazine-9-acetic  acid;  5,6-dibenzo-9- 
methyl-isoalloxazine;  9-phenyl-isoalloxazine;  6-methyl-9-(d-ribityl) -isoal¬ 
loxazine;  l,2-dimethyl-4-amino-5-(d-ribityl)-aminobenzene;  1 ,2-dimethyl- 
4-nitro-5-d-ribityl-aminobenzene;  and  N-methyl-keto-quinoxaline  carbox¬ 
ylic  acid  were  all  found  negative  as  tested.  In  general,  therefore  modifica¬ 
tions  in  the  9-position  produced  weak  antagonists  or  compounds  possessing 
no  activity  whatever. 

In  confirmation  of  the  results  of  Kuhn  et  al.  (1943),  von  Euler  and 
Karrer  (1946)  prepared  d-araboflavin  and  1-araboflavin  and  tested  their 
effect  on  rat  growth.  d-Araboflavin  was  effective  and  the  results  were  ques¬ 
tionable  with  the  corresponding  laevo  isomer. 

Galactoflavin,  one  of  the  series  of  9-substituted  riboflavin  compounds 
similar  to  those  produced  by  Kuhn  et  al.  (1943),  was  found  by  Emerson 
and  co-workers  (1945)  to  produce  in  the  rat  a  riboflavin  deficiency  which 
could  be  prevented  by  riboflavin  supplementation.  For  ratio  of  metabolite 
to  displacer,  the  effect  of  200  micrograms  of  riboflavin  did  not  completely 
prevent  the  action  of  2.16  mg.  of  the  analogue. 
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Metabolite  Analogues  with  Ring  Structure  Modification 

The  first  and  to  date  the  only  metabolite  analogue  of  riboflavin  to  be 
prepared  with  a  ring  structure  modification  is  2,4-diamino-7,8-dimethyl- 
10-ribityl-5,10-dinydrophenazine  (Fig.  2)  which  produces  a  riboflavin 
deficiency  in  bacteria  (Woolley,  1944). 

The  dinitrophenazine  from  which  this  compound  was  prepared  produced 
a  mild  riboflavin  deficiency  in  mice.  From  his  work  with  the  phenazine  and 
benzimidazole,  Woolley  suggested  that  benzene  rings  substituted  for  pyrimi¬ 
dine  rings  in  biologically  active  compounds  would  produce  drugs  capable 
of  displacing  the  corresponding  substance.  In  the  mouse,  the  results  on 
growth  indicate  that  it  would  require  100  mg.  of  riboflavin  to  counteract 
200  mg.  of  the  antagonist.  Confirmation  of  Woolley’s  work  on  the  diamino- 
phenazine  comes  from  Sarett  (1946)  who  found  that  the  compound  com¬ 
petitively  inhibited  the  utilization  of  riboflavin  and  of  flavin-adenine-dinu¬ 
cleotide  by  Lactobacillus  casei  and  to  the  same  degree. 


Antimalarials  as  Metabolite  Antagonists  of  Riboflavin 

Riboflavin  was  reported  by  Madinaveitia  et  al.  (1944)  to  inhibit  the 
action  of  atabrine,  quinine,  propamidine,  and  methylene  blue,  using  Lac¬ 
tobacillus  casei  as  the  test  organism.  Johnson  and  Lewin  (1945)  confirmed 
the  inhibitory  action  of  riboflavin  for  the  antibacterial  action  of  quinine. 

In  1946,  Madinaveitia  published  details  of  his  earlier  work  which  tended 
to  show  that  substances  active  as  antimalarials  were  antagonized  by  ribo¬ 
flavin,  while  those  which  were  not  antimalarials  were  not  antagonized,  when 
Lactobacillus  casei  was  used  as  the  test  organism.  Also  in  1946,  Hellerman 
and  his  group  published  work  showing  that  quinine,  atabrine,  and  other 
related  substances  inhibited  d-amino  acid  oxidase  strongly  at  low  concen¬ 
trations  of  flavin-adenine-dinucleotide  and  only  slightly  at  higher  concen¬ 
trations.  Nonantimalarial  quinolines  and  other  compounds  also  possessed 
this  characteristic.  The  property  of  the  compounds  to  combine  with  numer¬ 
ous  proteins  paralleled  their  action  on  d-amino  acid  oxidase  and  it  was 

protein^  SUgS£Sted  that  comPetition  existed  for  a  surface  position  on  the 

It  was  concluded  from  quantitative  measurements  that  the  activity  of  the 
molecules  tested  on  protein  had  both  a  reversible  and  an  irreversiblJ  phase. 

fn  £  ^ thVerSv,  6  phase  probabIy  underlay  the  results  of  Haas  (1944)  who 
*ed  *hat  Protection  by  riboflavin  phosphate  occurred  only  when  it 
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diaminophenazine  analogue  in  a  bacterial  system  which  was  adversely 
affected  by  the  analogue,  leads  to  the  conclusion  that  the  riboflavin  ana¬ 
logues  should  have  been  tested  as  antimalarials. 

King  and  Acheson  (1946)  apparently  had  this  in  mind  when  they 
synthesized  a  series  of  isoalloxazines  modelled  on  riboflavin  but  with  the 
ribityl  side  chain  replaced  by  diethylaminoalkyl  groups  and  methyl,  chloro, 
and  methoxyl  substituents  at  the  6-position. 

Compounds  of  this  type,  including  7,8-dimethyl-10-(y-diethylamino- 
propyl)  isoalloxazine  and  the  corresponding  dimethoxy  were  tested  (Burk¬ 
ett  1947)  on  Plasmodium  lophuriae  infections  in  ducks  and  found  inactive. 
Using  Diplococcus  pneumoniae,  type  1,  as  test  organism,  Gots  and  Sevag 
(1949)  found  that  riboflavin  antagonized  the  inhibitions  of  either  sulfathia- 
zole  or  methylene  blue.  Sulfathiazole  and  methylene  blue  were  interpreted 
by  these  investigators  as  displacing  riboflavin  from  reaction  sites  on  enzyme 
surfaces. 


Pharmacological  Activity  of  Metabolite  Antagonists  of  Riboflavin 

The  displacement  compounds  offer  tremendous  potentialities  as  pharma¬ 
cological  agents.  One  of  the  first  papers  to  appear  on  this  phase  is  that  of 
Supniewski  and  Hano  (1937)  who  studied  6,7-dimethyl-9-d-araboflavin 
and  its  laevo  isomer.  Injection  of  10  mg.  per  kilogram  intravenously  into  a 
guinea  pig  increased  the  blood  pressure.  On  perfusing  the  rabbit’s  leg,  the 
dextro  isomer  constricted  while  the  laevo  isomer  dilated.  Both  constricted 
the  small  intestine.  The  dextro  isomer  depressed  the  perfused  rabbit  heart; 
the  laevo  isomer  showed  no  effect. 


Enzymes  and  Metabolite  Analogues  of  Riboflavin 

In  1946,  von  Euler  and  Karrer  investigated  a  series  of  derivatives  of 
isoalloxazine  as  possible  riboflavin  antagonists.  In  the  course  of  these  ex¬ 
periments,  they  examined  the  6,7-dichloro  antagonist  of  Kuhn  et  al.  (1943) 
and  found  that  it  exerted  no  action  on  enzymes  associated  with  the  yellow 
ferment”  except  at  concentrations  1000  times  that  of  the  enzymes.  The  en¬ 
zymes  tested  were  those  in  which  the  prosthetic  group  contains  riboflavin 
phosphoric  acid.  In  this  study,  the  5'  phosphoric  acid  compound  of  he  6,7- 
dlcldoro  analogue  was  prepared  and  studied  with  results  -db 
seen  with  the  nonphosphorylated  compound.  It  was  concluded  that  the  ribo 
flavin  antagonism  seen  in  animals  as  a  result  of  feeding  metabolite  .  .  - 

modification,  namely 

dtmmo-Trdimethyl- 1 0-ribityl-5, 1 0-dihydrophenazine  did  prevent  the 
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utilization  of  flavin-adenine-dinucleotide  by  Lactobacillus  casei  (Sarett, 
1946). 

Recapitulation 

Effective  metabolite  analogues  of  riboflavin  have  been  produced  by 
replacing  the  6,7-dimethyl  structure  by  6,7-dichloro;  shifting  the  7-methyl 
to  the  5-position;  substituting  a  benzene  ring  for  the  pyrimidine  ring;  and 
replacing  the  9-ribityl  with  another  similar  sugar  moiety.  Certain  analogues 
are  effective  in  both  bacterial  and  animal  test  systems;  others,  such  as 
isoriboflavin,  are  not.  Recorded  results  indicate  the  activity  of  certain 
metabolite  antagonists  of  riboflavin  as  antimalarials,  and  yet  they  have 
never  been  tested  as  such.  Pharmacological  results  with  araboflavin  demon¬ 
strated  its  activity. 

While  the  picture  is  not  as  clear  with  riboflavin,  it  is  probable  that 
metabolite  analogues  of  this  vitamin  have  been  or  will  be  produced  which 
prevent  its  synthesis,  inhibit  its  incorporation  into  an  enzyme  system,  and 
finally  interfere  with  the  activity  of  the  preformed  riboflavin-containing 
enzymes. 

Here,  again,  the  research  still  to  be  done  in  order  to  establish  the  utility 
of  these  agents  far  exceeds  that  now  of  record.  Relatively  few  variations  of 
riboflavin  displacers  have  been  synthesized,  and  these  were  apparently 
available  in  such  small  amounts  as  to  block  their  general  usage.  The  diffi¬ 
culty  of  synthesizing  molecules  of  this  type  is  a  deterrent  to  many  individ¬ 
uals  and  to  most  laboratories.  It  is  apparent,  however,  that  great  discoveries 
await  those  with  the  perseverance  and  powers  of  application  necessary  for 
work  in  the  field. 
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Chapter  14 

METABOLITE  ANALOGUES  OF  PYRIDOXINE,  NICOTINIC 

ACID,  AND  BIOTIN 


Metabolite  Analogues  of  the  Vitamin  Bti  Group 
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1.  Studies  with  Microorganisms. 

a.  Metabolite  Analogues  with  Substituent  Change. 

b.  Metabolite  Analogues  with  Ring  Change. 

2.  Studies  with  Animals,  Chicks,  and  Human  Beings, 
a.  Metabolite  Analogues  with  Substituent  Change. 

3.  Enzymatic  Studies. 

4.  Chemotherapy  and  Pharmacology  of  Vitamin  B,;  Metabolite  Analogues. 

5.  Recapitulation. 


The  B,j  group  of  vitamins  is  broadly  disseminated  throughout  the  plant 
and  animal  worlds.  There  are  bacteria  which  can  synthesize  pyridoxine  and 
some  which  cannot.  With  some  microorganisms  specificity  exists  within  the 
Bg  group  in  the  sense  that  responses  occur  for  example  to  two  forms  and 
not  to  the  third.  Pyridoxal  phosphate  is  utilized  by  Lactobacillus  helveticus 
and  Lactobacillus  acidophilus  but  not  by  Lactobacillus  casei.  Some  bacteria 
utilize  pyridoxamine  phosphate  more  readily  than  pyridoxal  phosphate 
There  are  recorded  instances  of  incapacity  of  bacteria  to  phosphorylate 
e.ther  pyridoxal  or  pyridoxamine.  Deficiency  of  vitamin  B„  group  in  the  rat 
is  charactered  by  dermatitis,  convulsive  seizures,  and  impaired  growth 

With  ’  P1Sn  K  Ch'CkS  develop  a  hyPocfiromic  anemia  on  diets  restricted 
wtth  regard  to  these  nutrilites.  In  the  chick,  and  d-pyracin  are  biological^ 

U  has  been  demonstrated  by  Scott  and  his  associates  (1945)  that  the 
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pyracins  function  in  the  utilization  of  folic  acid  conjugates  by  activating 
enzyme  systems  which  liberate  folic  acid.  This  group  of  nutrilites  probably 
bears  a  direct  and  immediate  relationship  to  the  essential  fatty  acids  in  that 
the  two  factors  are  mutually  interchangeable  in  curing  rat  acrodynia. 
Human  requirements  for  this  factor  were  not  established  until  the  advent 
of  the  displacers  which  when  fed  to  patients  produced  seborrheic  skin 
lesions,  cheilosis,  glossitis,  lymphocytopenia,  and  marked  systemic  mani¬ 
festations  with  nausea,  vomiting,  weakness,  and  dizziness. 

Gunsalus  and  his  colleagues  (1944)  have  established  the  biochemical 
functions  of  this  group  of  molecules  as  being  primarily  associated  with 
protein  metabolism  just  as  thiamine  for  example  with  carbohydrate  metab¬ 
olism.  Pyridoxal  phosphate  is  the  coenzyme  in  the  decarboxylation  of 
tyrosine,  arginine,  and  glutamic  acids,  as  well  as  for  the  transaminase  in  the 
glutamate  aspartate  system;  furthermore,  it  is  essential  for  the  synthesis  of 
tryptophan  from  indole.  Pyridoxal  replaces  cystine  in  the  growth  of  certain 
microorganisms.  It  has  been  reported  by  Boyd  et  al.  (1948)  that  Clostrid¬ 
ium  perjringens  does  not  need  lysine,  alanine,  aspartic  acid,  and  glycine  if 
pyridoxal  or  pyridoxamine  is  supplied.  Further  evidence  of  the  importance 
of  pyridoxine  in  protein  metabolism  comes  from  the  demonstration  that 
there  is  an  increased  requirement  (for  pyridoxine)  when  large  amounts  of 
glycine  or  of  DL-serine  are  fed.  Tryptophan  metabolism  is  abnormal  in  the 
pyridoxine  deficient  animal  as  reflected  in  an  increased  urinary  excretion 
of  xanthurenic  acid  following  the  administration  of  the  amino  acid.  In  all 
of  their  enzymatic  activities  the  phosphorylated  forms  of  the  Br>  group  of 
vitamins  are  bound  to  protein.  A  final  point  concerning  the  enzymatic 
aspects  of  the  B()  group  is  that  pyridoxamine  phosphate  as  well  as  pyridoxal 

phosphate  may  function  as  a  prosthetic  grouping. 

Pyridoxine  is  2-methyl-3-hydroxy-4,5-di (hydroxymethyl) -pyridine  and 
as  such  presents  potentialities  for  the  design  of  metabolite  analogues  in  two 
major  categories;  substituent  modification,  elimination  or  replacement,  and 
ring  alteration.  One  point  of  major  importance  yet  to  be  established  is  ie 
phosphorylation  site  which  was  reported  to  be  the  3-position  by  karrer  and 
Viscontini  (1947,  1947a).  Umbreit  and  Gunsalus  ( 1949)  have  estaW.she 
the  fact  that  tyrosine  decarboxylase  coenzyme  is  not  pyndoxal-3-phosp  <  . 

which  leaves  positions  4  and  5  as  probable. 

Studies  with  Microorganisms 
Metabolite  Analogues  with  Substituent  Change 

The  first  metabolite  analogue  of  the  B„  group  ',|ta™ns’  ^^terial 
doxine,  was  not  tested  by  £  '  "riet  «ues 

checTed  the  activity  of  desoxypyridoxine  against.- 

G.  M„  and  found  it  effective.  Pyridoxal  reversed  its  activity.  Us.nD 


303 


Metabolite  Analogues  of  the  Vitamin  B„  Group 

test  organism,  2-methyl-3-hydroxy-4-hydroxymethylpyridine  and  2-ethyl- 
3-amino-4-ethoxymethyl-5-aminomethylpyridine  were  found  active  as  dis¬ 
placing  agents  for  pyridoxine.  The  latter  compound  was  a  more  powerful 
inhibitor  than  desoxypyridoxine.  2-Methyl-3-hydroxy-4-dimethylamino- 
methylpyridine  was  inactive. 

Heyl  et  al.  (1948)  synthesized  a  series  of  pyridoxylamino  acids  by  reduc- 
tively  coupling  pyridoxal  with  amino  acids  and  amino  acid  esters.  There 
were  20  amino  acids  and  four  esters  of  amino  acids  converted  into  the 
corresponding  pyridoxylamino  acids,  and  not  one  of  these  possessed  anti¬ 
vitamin  activity  when  tested  on  Lactobacillus  casei,  Streptococcus  jaecalis, 
and  Saccharomyces  carlsbergensis  (Snell  and  Rabinowitz,  1948). 

Irradiation  of  pyridoxamine  under  aerobic  and  anaerobic  conditions 
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produces  an  antibacterial  agent  (Shwartzman  and  Fisher,  1947)  which  may 
well  be  a  metabolite  analogue  of  the  nutrilite  with  displacer  capacity. 

Table  1 

Metabolite  Analogues  of  Vitamin  B«  Group 


Name 

Activity 

Reference 

Metabolite  A  nalogues  with 

Substituent 

Modification 

Desoxypyridoxine 

+ 

Ott,  1946;  Martin  et  al.,  1948 

2,4-dimethyl-3-hydroxy-5-hydroxy- 

methylpyridine 

Methoxypyridoxine 

+ 

Ott,  1947 

2-methyl-3-hydroxy-4-methoxy- 

methyl-5-hydroxymethylpyridine 

2-Methyl-3-hydroxy-4-hydroxymethyl- 

+ 

Martin  et  al.,  1948 

pyridine 

2-Ethyl-3-amino-4-ethoxymethyl-5- 

+ 

Martin  et  al.,  1948 

aminomethylpyridine 

2-Methyl-3-hydroxy-4-dimethylamino- 

_ 

Martin  et  al.,  1948 

methylpyridine 

Pyridoxylamino  acids 

— 

Heyl  et  al.,  1948;  Snell  and 
Rabinowitz,  1948 

Irradiated  pyridoxamine 

4- 

Shwartzman  and  Fisher,  1947 

Metabolite  Analogues  with  Ring  Modification 


2-Acetoxy-3,5-diacetoxymethyltoluene 

2-Methyl-4-hydroxy-6-hydroxy- 

methylpyrimidine 

2,6-Di-(hydroxymethyl)-4-hydroxy-5- 
methylpyrimidine  


Martin  et  al.,  1948 

McCasland  et  al.,  1946 

McCasland  and  Tarbell,  1946 


Metabolite  Analogues  with  Ring  Change 
In  the  course  of  an  investigation  of  possible  antimalarials  McCasland 

et  al  (1946)  synthesized  2-methyl-4-hydr0xy-6-hydr0xymethylpyr.m.d,ne 

aM  a  number  of  related  compounds.  This  compound  apparently  was  not 
tested  astm  antimetaboli.e  but  the  same  group  subsequently  synthesized 

and  tested  2-hydroxymethyl-4-hydroxy-5-methyl-6-hydroxymethylpyridi  , 

Studies  with  Animals,  Chicks,  and  Human  Beings 
Metabolite  Analogues  with  Substituent  Change 
Only  two  analogues  have  been  ^dicd  in  vivo:  desox^pyridotune^an^ 

that  the  molecule  pos- 
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sessed  no  vitamin  activity  (Unna,  1940).  He  conducted  bioassays  with 
chicks  and  found  that,  under  the  conditions  of  the  experiments,  two  mole¬ 
cules  of  the  inhibitor  sufficed  to  counteract  one  molecule  of  pyridoxine. 
This  ratio  held  for  several  levels  of  the  vitamin  and  metabolite  analogue. 
Studies  of  the  histopathology  of  chicks  and  other  animals  (mice,  rats,  dogs, 
and  monkeys)  treated  with  desoxypyridoxine  were  undertaken  by  Mushett 
et  al.  (1947)  who  found  atrophy  and  degeneration  of  the  hematopoietic 
organs,  particularly  of  the  lymphoid  series.  On  this  basis,  these  investigators 
suggested  the  possible  usefulness  of  this  analogue  in  the  treatment  of  tumors 
of  the  lymphoid  tissue.  Atrophy  of  the  spleen  occurred  and  in  the  thymus 
Hassall’s  corpuscles  and  the  lymphoid  tissue  were  involved.  In  general,  the 
changes  seen  were  similar  to  those  observed  in  chicks  and  animals  on  pyri¬ 
doxine  deficient  diets.  In  dogs,  a  microcytic  anemia  and  a  leukopenia  de¬ 
veloped  within  a  month.  From  an  examination  of  the  adrenal  glands  in 
monkeys  treated  with  desoxypyridoxine,  it  was  considered  possible  that  the 
lymphoid  atrophy  might  be  due  to  stimulation  of  the  adrenals  by  the  vitamin 
analogue.  Comparison  was  not  made  among  the  various  tissues  of  monkeys 
on  a  deficient  diet  with  those  receiving  the  analogue  but  gross  changes  were 
seen  resembling  those  of  pyridoxine  deficiency;  included  were  dryness  of 
the  hair,  skin  scaliness,  tongue  lesions,  hyperirritability,  and  convulsions  of 
epileptic  nature. 

Several  studies  have  been  made  on  the  effect  of  desoxypyridoxine  on  the 
chick  embryo.  Cravens  and  Snell  (1949)  and  Karnofsky  et  al.  (1950) 
reached  essentially  similar  conclusions  regarding  the  action  of  desoxypyri¬ 
doxine  in  this  test  system.  In  the  0  day  egg,  the  analogue  acted  as  a  true 
displacing  agent  which  could  be  counteracted  by  any  of  the  three  forms  of 
the  vitamin.  After  four  days,  the  chick  embryo  became  resistant  to  the 
displacer  action  of  the  molecule  but  susceptible  to  a  direct  toxic  action 
which  was  not  counteracted  by  any  form  of  the  nutrilite.  The  proposal  made 
y  Cravens  and  Snell  that  the  explanation  of  these  findings  lay  in  the 
phosphorylation  of  the  analogue  were  rendered  improbable  by  the  observa- 
10ns  of  Karnofsky  et  al.  who  reported  that  pyridoxal  phosphate  did  not 
unteract  the  toxicity  of  desoxypyridoxine  in  the  0  day  egg  as  effectively 
as  d,d  pyridoxine.  In  the  experiments  of  Cravens  and  Snei®  nicotinic  acid 
tcotmam.de,  and  DL-alanine  proved  ineffective  in  the  counteraction  of  the 

to  n  ^,  pr°pe"'eS  °f  desoxyPy'd<«ine.  This  observation  was  interpreted 
to  indicate  that  the  inhibition  of  the  conversion  of  tryptophan  ,  S 

“he' mZ"  *°  *  “  ^  «*  “ 

aprrfui  rivi,amin  effect'  pr°- 

ficiency  state  is  aggravated  by  high  caseb  anTbv  meT  J"'  ^ 

/  pyr.dox.ne  per  day,  the  inhibition  index  of  desoxypyridoxine 
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was  found  to  be  10.  In  the  rat,  Emerson  (1947)  observed  the  antagonistic 
action  of  the  analogue  when  added  to  a  pyridoxine  deficient  diet.  The  onset 
of  symptoms  was  materially  decreased  and  the  symptoms  of  the  depletion 
were  aggravated.  Later,  Nelson  and  Evans  (1948)  reported  marked  repro¬ 
ductive  upsets  produced  in  normal  adult  female  rats  given  desoxypyridoxine 
10  to  20  days  prior  to  breeding.  Supplementation  with  pyridoxine  on  the 
day  of  breeding  resulted  in  complete  counteraction  of  the  adverse  effects  of 
the  antagonists.  Fetal  resorption  generally  characterized  the  reproductive 
upsets,  although  failure  of  implantation,  stillborn  young,  decreased  number 
of  young  per  litter  and  decreased  weight  of  the  young  at  birth  were  also 


noted. 

Until  recently  there  had  never  been  a  clear-cut  demonstration  that 
pyridoxine  deficiency  states  could  be  produced  in  man.  The  advent  of  the 
metabolite  inhibitors  offered  the  tool  for  a  study  of  pyridoxine  deficiency 
in  the  human  being,  and  Mueller  and  Vilter  (1949,  1950),  recognizing  this 
fact,  used  desoxypyridoxine  to  precipitate  a  deficiency  syndrome  in  man 
which  responded  specifically  to  pyridoxine.  Eight  patients  were  given  60- 
1 50  mg.  of  the  analogue  daily  while  they  were  maintained  on  a  diet  low  in 
vitamins  of  the  B-complex.  Within  two  to  three  weeks,  seborrhea-like  skin 
lesions  developed  about  the  eyes,  nose,  and  mouth.  Fifty  per  cent  of  subjects 
developed  cheilosis  resembling  that  of  riboflavin  deficiency  and  a  glossitis 
which  closely  resembled  that  of  niacin  deficiency.  Lymphocytopenia  was 
noted  Complete  cure  of  the  syndrome  resulted  within  48-72  hours  follow¬ 
ing  the  parenteral  administration  of  100  to  200  mg.  of  pyridoxine.  The 
inhibitory  ratio  of  antimetabolite  to  metabolite  in  these  patients  was 

estimated  to  be  1 : 1 .  ,  .  c  , 

In  1940  Unna  tested  2-methyl-3-hydroxy-4-methoxymethyl-5-hydroxy- 
methylpyridine  (methoxypyridoxine)  for  vitamin  activity  in  the  rat  and 
found  it  weakly  active.  When  Ott  (1947)  tested  this  same  molecule  n  the 
chick,  he  found  it  to  be  a  potent  antimetabohte.  The  ability  of  the  ra  to  use 
methoxypyridoxine  as  a  vitamin  has  been  attributed  by  Porter  et  al.  (19  ) 

to  conversion  to  pyridoxine.  In  Ott’s  experiments,  the  inhibition  ratio  was 
A  ^Methoxypyridoxine  seemed  to  possess  an  irreversible  action  m  hat 
then  a  thal  dose  of  the  compound  had  been  given,  subsequent  admimstra- 
tonof  pyridoxine  was  generally  ineffective  in  preventing  the  death  of  the 
chick  On  the  other  hand,  the  toxic  action  of  desoxypyridoxine  could  be 

C0"hed  above,  it  was  to  have  been  anticipated  that  the  -ethoxy  mi- 

alogue  would  be  toxic  <0  *c  Compared  to  desoxy- 

toxicity  decreases  with  t  g  •  active  as  a  vitamin 

pyridoxine,  methoxypyridoxine  is  «*  '6f  L^o  A  1  fo  ms  of  vitamin  B„ 
antagonist  in  the  0  to  four  day  old  chick  . re  pyridoxine, 
tested  counteracted  the  methoxy  compound,  included  we  py 
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pyridoxal,  pyridoxamine,  and  pyridoxal  phosphate.  Chick  embryos  treated 
with  lethal  doses  of  methoxypyridoxine  continued  to  differentiate  and  en¬ 
large  for  the  two  to  five  day  period  before  death.  In  view  of  the  key  position 
of  pyridoxine  in  protein  metabolism  this  is  most  unusual;  however,  the 
correlated  phenomenon  of  lack  of  specificity  of  pyridoxal  phosphate  as  an 
inhibitor  may  explain  the  observation.  It  is,  after  all,  pyridoxal  phosphate 
which  is  the  prime  coenzyme  in  enzymatic  processes  associated  with  protein 
metabolism,  and  as  this  factor  is  not  the  key  to  the  phenomenon  of  blockage 
here  considered  it  must  be  assumed  that  pyridoxine  itself  plays  the  prime 
role  in  the  chick  embryo.  There  is  clearly  an  intrinsic  toxicity  in  all  metab¬ 
olite  analogues  which  is  dissociated  from  the  capacity  as  an  antimetabolite, 
and  this  factor  will  complicate  such  studies. 

As  might  have  been  anticipated  from  the  results  of  Unna  (1940)  with 
methoxypyridoxine  in  the  rat,  the  mouse  is  able  to  utilize  this  molecule  as  a 
pyridoxine  precursor  (DeRenzo  and  Cerecedo,  1950).  This  is  by  way  of 
contrast  with  the  efficacy  of  desoxypyridoxine  in  the  mouse.  In  the  studies 
reported  by  Mushett  et  al.  (1947),  the  histopathology  produced  by  desoxy¬ 
pyridoxine  and  methoxypyridoxine  in  the  chick  was  essentially  the  same.  In 
dogs,  while  a  single  subcutaneous  injection  of  10  mg.  per  kilogram  of  the 
methoxy  compound  produced  convulsions  and  death,  the  blood  values 
would  indicate  that  the  compound  showed  some  degree  of  pyridoxine  ac- 
tivity,  reflected  in  a  failure  of  the  development  of  an  abnormal  blood 
picture.  The  desoxy  molecule  on  the  other  hand  produced  microcytic 
anemia.  There  were  other  details  of  histopathology  which  indicated  that  at 
least  in  the  dog  the  toxicity  of  the  two  analogues  was  not  necessarily  the 
same  either  from  the  quantitative  or  qualitative  viewpoint. 


Enzymatic  Studies 

The  first  approach  to  the  study  of  the  action  of  metabolite  analogues  of  the 
vitamin  B6  group  on  enzymatic  mechanisms  came  through  the  researches 
of  Porter  et  al.  (1947)  who  used  metabolic  processes  in  intact  animals 
(rats).  Pyridoxine  plays  a  role  in  tryptophan  metabolism  which  is  reflected 
in  the  excretion  of  kynurenine  in  the  normal  animal  and  xanthurenic  acid 
m  the  vitamin  deficient  animal.  In  all  instances,  desoxypyridoxine  interfered 
KlPi?Phan  metabollsm  and  caused  increased  xanthurenic  acid  excre- 

°"  the  °ther  hand>  acted  u"der  some  conditions 

concluded  ,  ^°h  e  Tt,  “  r  7  ^  COndUi°nS  aS  a  nutrilite-  These  aatbors 
concluded  that  the  ether  linkage  in  the  methoxypyridoxine  molecule  can 

undergo  cleavage  to  yield  pyridoxine.  One  additional  proof  of  the  occur 

rence  of  such  cleavage  was  the  demonstrated  increased  pyridoxic  icid 

o.”7ro“™',nd8 "*  *■  M 

-i  s 
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trasted  to  the  relative  resistance  of  the  rat  itself  to  the  development  of  the 
syndrome  of  Be,  deficiency  following  the  administration  of  this  same  mole¬ 
cule. 

Beiler  and  Martin  (1947)  investigated  the  action  of  desoxypyridoxine 
on  tyrosine  decarboxylase.  The  antimetabolite  was  ineffective  in  blocking 
the  enzyme  for  which  pyridoxal  phosphate  is  the  cofactor.  Since  Gunsalus, 
Bellamy,  and  Umbreit  (1944)  had  shown  that  pyridoxal  was  not  active  as 
a  coenzyme  unless  it  was  phosphorylated,  these  workers  phosphorylated 
desoxypyridoxine  and  found  the  product  to  be  an  effective  displacer  for 
pyridoxal  phosphate  in  the  tyrosine  decarboxylase  system. 

Confirmation  and  extension  of  the  findings  of  Beiler  and  Martin  (1947) 
came  from  the  Merck  Laboratories  in  1949.  From  their  observations, 
Umbreit  and  Gunsalus  concluded  that  desoxypyridoxine  exerts  its  inhibitory 
effect  by  first  being  converted  to  desoxypyridoxine  phosphate,  which  then 
competes  with  pyridoxal  phosphate  for  the  apoenzyme.  In  the  nonphos- 
phorylated  form,  the  desoxy  analogue  had  no  effect  on  tyrosine  decarboxyl¬ 
ase,  aspartic-glutamic  transaminase  from  heart  muscle,  or  tryptophanase  of 
Escherichia  coli.  Once  pyridoxal  phosphate  is  attached  to  the  apoenzyme, 
desoxypyridoxine  does  not  displace  it.  Furthermore,  the  antimetabolite  does 
not  interfere  with  the  combination  of  pyridoxal  phosphate  with  protein,  nor 
does  it  prevent  phosphorylation  of  pyridoxal  by  adenosinetriphosphate  un¬ 
less  the  amount  of  pyridoxal  present  is  the  limiting  factor.  Desoxypyridoxine 
phosphate  would  seem  to  be  primarily  inhibitory  to  the  point  of  combina¬ 
tion  of  pyridoxal  phosphate  with  protein,  although  it  does  have  some  ac¬ 
tivity  against  formed  tyrosine  decarboxylase. 


Chemotherapy  and  Pharmacology  of  Vitamin  Br>  Metabolite  Analogues 

Studies  of  the  effect  of  various  chemical  agents  on  the  multiplication  of 
T2  Escherichia  coli  bacteriophage  can  be  used  as  presumptive  evidence  of 
possible  value  in  the  chemotherapy  of  virus  diseases.  It  was  wi 
Light  in  mind  that  Wooley  and  Murphy  (1949)  ascertamed  the  effect  of 
desoxypyridoxine  on  bacteriophage.  The  molecule  markedly  inhibited 
multiphcation  under  conditions  which  otherwise  produced  near  maximum 
vi rus^production .  The  action  of  the  antime.abolite  was  reversed  by  P  - 

doxine,  several  fatty  acids,  glucose-6-phosphate  pyruv,c  ac  d  a, n 

Stoerk  (1947),  who  discovere  g  observation,  it  seems  almost 

in  pyridoxine  deficient  mice,  n  view  m  'influence  certain 

certain  that  metabolite  analogues  of  pyridoxine 
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Recapitulation 


Studies  of  metabolite  analogues  of  the  vitamin  Bf:  group  are  complicated 
by  the  multiplicity  of  factors  involved  which  include  pyridoxinc,  pyridoxal, 
pyridoxamine,  and  a-  and  /?-pyracin  as  well  as  the  mechanisms  of  inter¬ 
conversion  of  these  factors  with  phosphorylation  of  pyridoxal  and,  finally, 
coupling  of  the  phosphorylated  vitamin  with  an  apoenzyme.  A  metabolite 
inhibitor  might  act  by  preventing  any  single  phase  or  combinations  thereof 
leading  to  the  final  enzymatic  form.  It  is  further  apparent  from  studies  of 
the  counteraction  of  the  desoxy  analogue  by  pyridoxal  phosphate  in  the 
chick  embryo  that  the  vitamin  B,;  group  may  act  in  some  systems  in  a 
manner  dissociated  from  the  coenzyme  function  of  pyridoxal  phosphate. 
The  intrinsic  toxicity  of  some  of  the  vitamin  analogues  not  related  to  their 
antimetabolite  capacity  further  clouds  the  picture. 

There  are  reports  of  the  antimetabolite  activity  of  less  than  a  dozen  differ¬ 
ent  molecular  modifications  of  pyridoxine.  All  effective  analogues  are  those 
with  substituent  modification;  not  a  single  inhibitor  has  been  reported  in 
which  the  pyridine  ring  has  been  replaced.  In  fact,  only  one  effort  was  made 
toward  this  goal  which  resulted  in  the  finding  that  the  pyrimidine  nucleus 
replacing  the  pyridine  ring  did  not  produce  an  antimetabolite. 

The  concept  has  been  promulgated  that  with  each  B-complex  factor  there 
will  be  antimetabolites  which  prevent  the  formation  of  the  factor,  inhibit  its 
conversion  to  an  active  enzyme  form,  and  finally  prevent  the  action  of  the 
preformed  enzyme.  In  the  instance  of  the  vitamin  Bti  group,  no  studies  have 
been  made  with  bacteria  which  possess  the  capacity  to  synthesize  this 
factor.  On  the  second  phase,  however,  it  has  been  established  that  desoxy- 
pyridoxine  phosphate  interferes  with  the  attachment  of  the  coenzyme,  pyri¬ 
doxal  phosphate,  to  the  apoenzyme  which  coupling  would  result  in  the 
formation  of  tyrosine  decarboxylase.  It  has  also  been  demonstrated  that 
desoxypyridoxine  phosphate  inhibits  the  action  of  tyrosine  decarbox¬ 
ylase. 

Methoxypyridoxine  is  an  example  of  an  antimetabolite  effective  in  one 
system  (the  chick  and  chick  embryo)  and  not  in  another  (the  mouse). 
This  emphasizes  the  need  of  knowledge  for  metabolic  transformation  of 
the  antimetabolite  itself. 


Extensions  of  study  on  the  vitamin  Bc  metabolite  analogues  will  logically 
include  consideration  of  the  ability  of  D-alanine  to  replace  vitamin  B0  phos¬ 
phates.  McNutt  and  Snell  (1950)  have  recently  presented  evidence  of  the 
duplication  of  the  growth  promoting  action  of  natural  materials  in  certain 
bacterial  systems  by  pyridoxamine  phosphate,  thymidine  or  other  desoxy- 
ribosides,  vitamin  B12  and  certain  reducing  agents.  This  work  adds  fuel  to 
the  concept  that  metabolite  analogues  will  not  reach  maximum  effectiveness 
unless  and  until  they  are  used  in  combinations. 
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1.  Studies  with  Microorganisms. 

a.  Analogues  with  Substituent  Modification. 

b.  Analogues  with  Ring  Modification. 

2.  Animal  Studies. 

3.  Enzymatic  Aspects. 

4.  Chemotherapy  and  Pharmacology. 

5.  Recapitulation. 


The  curative  factor  for  pellagra,  nicotinic  acid,  was  known  as  a  chemical 
for  75  years  before  its  vitamin  activity  was  discovered;  and  now,  some  12 
years  after  the  establishment  of  this  factor  and  its  nutritional  role  pellagra 
is  still  widespread  in  the  United  States.  Experimental  work  leading  to  the 
isolation  and  identification  of  the  nutrilite  was  associated  with  studies  of 
dog  and  chick  blacktongue  and,  of  course,  with  human  pellagra.  Nicotinic 
acid  ,s  known  to  occur  in  all  living  cells  and  to  be  an  essential  factor  for 
plants  microorganisms,  chicks,  pigs,  dogs,  human  beings,  and  probably 
rats.  There  are  bacteria  capable  of  synthesizing  their  own  nicotinic  acid 
those,  including  Staphylococcus  aureus,  Bacillus  diphtheriae,  etc.  which 
dependent  upon  exogenous  sources  of  supply  of  the  nutrilite  and  finally 
parasitic  microorganisms  such  as  Bacillus  influenzae,  which  need  an  ex 
ternal  supply  ol  the  coenzymes  for  normal  growth.  Deficiency  of  nicotinic 


312 


Pyridoxine,  Nicotinic  Acid,  and  Biotin 


acid  in  the  human  being  causes  pellagra,  which  is  characterized  by  glossitis, 
dermatitis,  diarrhea  and  other  disturbances  of  the  gastrointestinal  tract, 
mental  disorders  and  lesions  of  the  central  nervous  system. 

Free  nicotinic  acid  does  not  occur  in  living  tissues:  nicotinamide  and  the 
enzyme  forms  are  found.  The  nicotinamide-containing  enzyme  systems  are 
primarily  dehydrogenases  for  hydrogen  transport;  two  coenzymes  of  this 
class  of  dehydrogenases  are  known  as  codehydrogenase  I  and  II,  also  called 
diphosphopyridine  nucleotide  and  triphosphopyridine  nucleotide.  In  the 
body,  the  white  cells  of  the  lymphoid  and  myeloid  series  seem  capable  of 
converting  nicotinic  acid  into  the  coenzyme  forms  which  appear  inter¬ 
convertible  by  most  living  tissues.  The  ring  nitrogen  of  the  nicotinamide  in 
the  coenzyme  is  written  in  the  form  of  a  quaternary  pyridinium  salt,  which 
in  the  dihydro-form  possesses  an  additional  acidic  group.  Magnesium  ions 
are  essential  to  the  activity  of  these  anaerobic  dehydrogenases.  Animals  can 
utilize  the  coenzyme  forms  but  it  is  not  known  whether  they  are  broken 


down  and  resynthesized  or  absorbed  intact. 

Nicotinic  acid  and  its  metabolic  end-products,  nicotinuric  acid,  trigonel¬ 
line,  and  N'-methyl  nicotinamide  are  excreted  through  the  urine.  The  vita¬ 
min  functions  in  protein  and  carbohydrate  metabolism  through  its  enzymatic 
hydrogen-transporting  forms.  Presumptively,  there  are  functions  of  nicotinic 
acid  which  cannot  be  explained  as  operating  via  the  coenzyme  forms,  i.e., 
blacktongue  in  dogs  is  cured  more  readily  by  nicotinic  acid  than  by  a  cor¬ 


responding  amount  of  cozymase. 

The  discovery  that  a  diet  containing  corn  tends  to  precipitate  pellagra  led 
to  the  observation  of  the  interrelationship  of  nicotinic  acid  and  tryptophan 
(the  amino  acid  may  be  the  precursor  of  nicotinic  acid)  which  is  controlled 

by  pyridoxine. 

Presence  of  a  water-soluble  pellagragenic  agent  in  corn  was  proposed  but 
recent  opinion  inclines  to  the  view  that  amino  acid  imbalance  or  carbohy- 
drate  component  could  explain  the  underlying  experimental  observations. 

As  a  model  of  metabolite  analogues,  the  nicotinic  acid  or  mcotinami  e 
molecules  might  be  changed  as  to  ring  and  substituent.  The  coenzyme  orms 
offer  multitudes  of  potentialities  for  modification,  but  complexities  ot  y 
thesis  would  limit  this  approach. 


Studies  with  Microorganisms 
Analogues  with  Substituent  Modification 
Mcllwain  (1940)  made  the  first  of  his  many  outstanding  contributions 
to  ^he  study  of  metabolite  analogues  when  he  designed  pyridine  su  onur 

■a  -h  tFicr  n  which  resembled  nicotinic  acid  as  sulfanilamide  did  p 
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and  coenzyme  I  (cozymase)  in  three  bacterial  test  systems.  The  importance 
of  his  report  justifies  the  inclusion  of  Table  II  detailing  results  obtained. 

As  Table  II  shows,  when  Staphylococcus  was  the  test  organism  pyridine 
sulfonamide  inhibited  nicotinamide-promoted  growth  more  than  it  did  that 
of  nicotinic  acid.  With  this  organism  therefore,  inhibition  and  type  of  in¬ 
hibition  depends  on  the  inhibiting  and  growth  promoting  agents  present. 


Table  //* 

Summary  of  Type  and  Extent  of  Inhibition! 


Promoter 
( Nicotinic  Acid,  Amide,  or 


Inhibitor 

( Pyridine  Sulfonic  Acid  or  Its  Amide) 


Cozymase) 

10~2 

Type 

Staphylococcus 

ret. 

red. 

Acid, 

io- 

5  —  8  X  10-8 

Amide 

0 

1/5-1 

(I) 

1 

Amide, 

io- 

6—10-9 

(4 

0 

1/25 

Cozymase, 

io- 

7 

44 

1 

1/5-1/25 

II 

2  X 

IO"8 

44 

4-5 

1/5-1 

4  X 

IO”9 

44 

>5 

Acid, 

IO-5 

Acid 

1-2 

1 

II 

2  X 

IO-6 

44 

3 

1/5 

4  X 

io-7 

44 

5 

1/5 

Amide, 

2  X 

io-7 

44 

4 

1/5 

11 

4  X 

IO*8 

44 

>  6 

8  X 

IO”9 

44 

>  6 

Cozymase, 

10-« 

44 

11 

2  X 

io-7 

44 

4  X 

IO”8 

44 

Proteus 

Acid, 

Amide, 


Cozymase, 

Acid, 

Amide, 

Cozymase, 

Coli 


5  X  10-"  —2  X  lO-8 

2  X  10~7 

4  x  10-s 

8  x  lO-9 

5  X  10-7 

io-7 

10-5-8  x  IO-8 
10-5— 10-7 
10-5-8  X  10-8 


Amide 

44 

<  1 

1 

(III) 

2 

1 

II 

44 

3 

1 

44 

>  4 

44 

44 

>  1 

i 

(II) 

1 

1/5-1 

Acid 

2 

1 

III 

0 

1 

None 

>  6 

HI 

0 

Amide,  10~ 6 

0 

Acid,  amide, 

or  cozymase  10~5— 2  x  10~6 


Amide  1 

“  0 

Acid  >  6 


it 


>6 


1 

1 


iy<4U. 


•From  Henry  Mcllwain,  Bril.  J.  Exper.  Pall,.,  21,  136, 
Retardall°o  of  growth,  expressed  in  days. 

>aeC  s’SsfSS'1 

sufficiently  ,arge  to  be  we,l  charactered,  the 
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Inhibition  is  also  profoundly  affected  by  concentration.  Using  Proteus,  for 
which  nicotinic  acid  is  vital,  the  sulfonamide  inhibited  all  three  types  of 
growth  factor:  nicotinic  acid,  nicotinamide,  and  coenzyme  I.  Pyridine  sul¬ 
fonic  acid  inhibited  nicotinic  acid-promoted  growth,  but  with  nicotinamide 
present  the  compound  actually  accelerated  growth.  Escherichia  coli,  re¬ 
quiring  no  nicotinic  acid  for  growth,  was  inhibited  by  either  the  sulfonamide 
or  the  sulfonic  acid  in  high  concentrations,  but  this  action  was  not  reversed 
by  any  growth  factor.  From  these  and  other  results,  Mcllwain  postulated 
these  types  of  inhibition: 

Type  I:  This  is  comparable  to  competitive  inhibition,  in  that  the  growth 
promoter  and  the  inhibitor  compete  for  the  same  reaction  site  on  the  enzyme 
surface.  Inhibition  is  manifested  as  reduction  in  growth;  there  is  no  retarda¬ 
tion.  In  a  consideration  of  the  problem  at  hand,  it  must  be  recalled  that  the 
inhibitors  are  interfering  with  a  series  of  reactions  and  not  with  a  single 
mechanism;  nicotinic  acid  is  converted  in  the  organism  into  molecules  of  at 
least  the  complexity  of  pyridine  nucleotides.  Furthermore,  any  given  cell 
is  capable  of  adapting  itself  to  changing  environment.  In  this  Type  I  in¬ 
hibition,  the  effect  is  greater  the  higher  the  concentration  of  inhibiting  agent 
and  the  lower  the  concentration  of  substrate.  Type  I  inhibition  is  exempli¬ 
fied  by  the  interrelationships  of  nicotinamide  and  pyridine  sulfonamide 


where  Staphylococcus  is  the  test  organism. 

Type  III:  This  is  noncompetitive  for  here  the  inhibitor  is  adsorbed  at  a 
different  position  on  the  enzyme  surface.  Inhibition  depends  only  on  in¬ 
hibitor  concentration  and  does  not  vary  with  substrate  concentration. 
Growth  is  retarded  but  there  is  no  reduction.  This  is  seen  using  Proteus  as 
test  organism  with  pyridine  sulfonic  acid  as  inhibitor  and  nicotinic  acid  as 


SrTypePn0mThis'is  a  superposition  of  competitive  and  noncompetitive  in¬ 
hibitions;  a  combination  of  types  I  and  III.  The  pyridine  sulfon.c  acid  ^ 
hibition  of  nicotinic  acid  or  nicotinamide-promoted  growth  of  Staphyloco, 

cus  is  rnven  by  Mcllwain  as  an  example. 

It  can  be  slid  that  Mcllwain  first  utilized  the  concept  of  inhibition  an¬ 
alysis  He  predicted  that  nicotinamide  was  not  used  by  Proteus  so  e  y  or 
ouch'orcoenzyme  I,  basing  this  upon  the  observation, hat  pyndm 
sulfonic  acid  inhibited  coenzyme  I  growth  promo., on  but  did  not  m.erfere 


with  that  of  nicotinamide.  .  i  /■iqao'i  who 

3-sulfonamide) -pyridine  was  a  grow  ( 1940a)  and  found  less 

-  - — - 
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bacterial  growth.  The  reason  for  the  conflicting  result  is  not  apparent. 
Pyridine  sulfonic  acid  has  been  reported  by  other  investigators  to  be  an 
inhibitor  of  bacterial  growth  (Adler  et  al.,  1943;  Dreizen  et  al.,  1948). 

Moller  and  Birkofer  (1942)  extended  the  list  of  nicotinic  acid  displacers 
adding  picolinic  acid  and  a-picoline.  This  same  group  (Moller  and  Birkofer, 
1942a)  found  that  the  inhibitory  action  of  pyridine-/?-sulfonamide  was  re¬ 
duced  or  eliminated  by  nicotinic  acid,  nicotinamide,  thiazole-carboxylic 
acid,  coenzyme  I,  and  by  salts  of  zinc,  manganese,  copper,  and  iron,  when 
Streptobacterium  plantarum  was  the  test  organism.  Due  primarily  to  the 
inorganic  ions  which  were  effective  this  list  seems  extensive  beyond  reason 
from  the  metabolite  analogue  standpoint.  The  implication  here  is  that 
chelation  might  offer  an  explanation.  It  is  known  that  magnesium  and 
manganese  aid  the  activity  of  coenzyme  I.  The  other  metals  which  were 
active  might  well  be  functioning  as  cofactors  in  enzymatic  systems  con¬ 
verting  one  nicotinic  acid  form  into  another. 

Several  molecules  related  structurally  to  nicotinic  acid  have  been  re¬ 
ported  inactive  in  bacterial  systems  against  nicotinic  acid  stimulated  growth. 
These  include  3-acetylpyridine  (Woolley,  1945),  bisnicotinamide  (Gautier 
and  Cordier,  1947),  and  nicotinamidine  (Barber  and  Slack,  1944).  In 
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Fig.  2.  Metabolite  analogues  of  nicotinic 
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Table  III 


Metabolite  Analogues  of  Nicotinic  Acid — Nicotinamide 
Substituent  Modification 


Compound 

Test  System 

Activity * 

Reference 

Pyridine-3-sulfonic 

acid 

Staphylococcus 

aureus 

Proteus  vulgaris 
Escherichia  coli 

+,  1,2,3 

+,  1.2,3 
+,nonspecific 

Mcllwain,  1940 

Pyridine-3-sulfon- 

amide 

Staphylococcus 

aureus 

Proteus  vulgaris 
Escherichia  coli 

±,  1,2,3 

+,  1, — ,2 
-f  nonspecific 

Mcllwain,  1940 

2,4,6-Trimethyl- 

pyridine-3,5- 

Staphylococcus 

aureus 

— 

Mcllwain,  1940 

dicarboxylic  acid 

Trigonelline 

Staphylococcus 

aureus 

— 

Mcllwain,  1940 

Quinolinic  acid 

Staphy  lococcus 
aureus 

— 

Mcllwain,  1940 

Coramine 

Staphylococcus 

aureus 

— 

Mcllwain,  1940 

2-(Pyridine-3- 

sulfonamide)- 

Staphylococcus 

aureus 

— 

Erlenmeyer  et  al„  1942 

pyridine 

Staphylococcus 

aureus 

+ 

Mcllwain,  1940a 

Picolinic  acid 

Streptobacterium 
plantarum 
Proteus  vulgaris 

+ 

+ 

Moller  and  Birkofer,  1942 

a-Picoline 

Streptobacterium 
plantarum 
Proteus  vulgaris 

+ 

+ 

Moller  and  Birkofer,  1942 

3-Acetylpyridine 

Bacteria 

Mice 

+ 

Woolley,  1945 

ti  <( 

1,2-Dinicotinylhy- 

Proteus  vulgaris 

— 

Gautier  and  Cordier,  1947 

ti  “  “ 

drazine  ( bisnicotin- 

Escherichia  coli 

amide) 

3-Amidinopyridine 

(nicotinamidine) 

Staphylococcus 

aureus 

Trypanosomum 

equiperdum 

— 

Barber  and  Slack,  1944 

2-  and  6-Fluoro- 

Bacteria 

— 

Minor  et  al.,  1948 

nicotinamides 

5-Fluoronicotinic 

Not  reported 

? 

Hawkins  and  Roe,  1949 

acid 

5-Fluoronicotin- 

amide  _  . 

Sulfapyridine 

4-Aminophenyl-5- 

Staphylococcus 

aureus 

Bacteria 

+,  1 

+ 

West  and  Coburn,  1940 

Nitti  and  Matti,  1942 

sulfonamido-2- 

pyridylsulfone  - - * 

*  1  =  acid,  2  =  amide,  3  =  coenzyme  I. 
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some  instances,  3-acetylpyridine  (Woolley,  1945)  did  inhibit  growth  but 
this  was  not  reversed  specifically  by  nicotinic  acid.  Woolley  states  that  the 
ineffectiveness  of  this  compound  against  bacteria  was  not  due  to  ability  of 

the  organisms  to  inactivate  the  compound. 

2-  and  6-Fluoronicotinic  acids  have  been  prepared  (Minor  et  al.,  1948) 
and  found  inactive  as  antimetabolites.  Subsequently,  5-fluoronicotinic  acid 
and  5-fiuoronicotinamide  were  synthesized  (Hawkins  and  Roe,  1949),  but 
to  date  no  report  has  been  made  of  their  biological  testing. 

The  dual  nature  of  the  action  of  sulfonamides  had  been  considered  in 
1940  by  West  and  Coburn,  who  found  that  Staphylococcus  aureus  would 
not  grow  on  a  medium  deficient  in  nicotinic  acid  if  sulfapyridine  was  added 
with  it,  though  nicotinic  acid  alone,  or  coenzyme  and  sulfapyridine,  allowed 
excellent  growth.  They  also  found  that  nicotinic  acid  and  sulfapyridine 
failed  to  cure  blacktongue  in  dogs.  The  sulfonamide  apparently  blocked 
enzymatic  conversions  of  nicotinic  acid  to  the  other  active  forms  of  this 
nutrilite.  Dorfman  and  Koser  (1942)  also  proposed  and  experimentally 
substantiated  the  fact  of  the  multiplicity  of  action  types  in  complex  sul¬ 
fonamides.  They  reported  that  sulfapyridine  and  sulfathiazole,  in  contrast 
to  sulfanilamide,  inhibited  the  nicotinamide  stimulated  respiration  of  the 
dysentery  bacillus  when  grown  on  a  medium  deficient  in  nicotinamide.  This 
concept  was  extended  (Berkman  and  Koser,  1943)  to  suggest  that  the 
structure  of  the  radical  attached  to  the  sulfonamide  was  important  in 
determining  the  ability  of  the  drug  to  interfere  with  certain  metabolic  re¬ 
actions  in  addition  to  those  inhibited  by  sulfanilamide.  This  adds  to  the 
probability  that  chemotherapeutic  agents  should  be  designed  for  effective 
action  against  not  one  but  several  enzyme  systems  or  metabolic  pathways. 

Nitti  and  Matti  (1942)  reported  the  strong  bacteriostatic  activity  of 
several  pyridyl  sulfones  against  streptococci  in  vitro.  p-Aminobenzoic  acid 
did  not  counteract  the  activity,  which  indicates  a  mode  of  action  other  than 
that  of  the  sulfonamides.  The  most  powerful  compound  and  one  which  is 
actually  a  structural  analogue  of  nicotinic  acid  was  4-aminophenyl-5-sul- 
fonamido-2-pyridyl  sulfone. 


Analogues  with  Ring  Modification 

Metabolite  analogues  of  nicotinic  acid  or  nicotinamide  with  ring  modifi¬ 
cations  have  not  been  extensively  investigated.  Moller  and  Birkofer  (1942) 
report  both  quinoline  a-  and  /^-carboxylic  acids  to  be  inhibitory  to  Strep- 
tobacterium  plantarum  and  Proteus  vulgaris,  and  two  reports  have  appeared 
on  nuclear  modifications  ot  nicotinic  acid  (Erlenmeyer  and  Wurgler  1942- 

““*7"  Cha1'’  l942>'  Thiazole-5-carb°nic  acid  amide  was  a  weak  in¬ 
hibitor  for  amide-promoted  growth  in  Staphylococcus  aureus  cultures  though 
it  was  not  m  itself  a  growth  factor.  Thiazole  sulfonic  acid  was  a  growth  fac¬ 
tor.  The  more  complex  molecules  created  by  these  investigators  were  totally 
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inactive;  2-(thiazole-5-carbonic  acid  amide) -pyridine,  for  example,  had  no 
growth  promoting  action  nor  was  it  an  antimetabolite. 


Table  IV 


Metabolite  Analogues  of  Nicotinic  Acid — Nicotinamide 
Ring  Modification 


Compound 

T est  System 

Activity* 

Reference 

Quinoline  a-  and 
carboxylic  acids 

Streptobacterium 
plant  arum 

+ 

Moller  and  Birkofer,  1942 

Proteus  vulgaris 

+ 

t(  (t 

Thiazole-5-carbonic 
acid  amide 

Staphylococcus 

aureus 

+.2 

Erlenmeyer  et  al.,  1942 

Thiazole  sulfonic  acid 

Staphylococcus 

aureus 

Growth 

factor 

Erlenmeyer  et  al.,  1942 

2-(Thiazole-5-car- 
bonic  acid  amide)- 
pyridine 

Staphylococcus 

aureus 

Erlenmeyer  et  al.,  1942 

*  1  =  acid,  2  =  amide,  3  =  coenzyme  I. 


Animal  Studies 

Attempts  to  produce  nicotinic  acid  deficiencies  by  feeding  pyridine-3- 
sulfonic  acid  failed  in  mice  (Woolley  and  White,  1943)  and  in  human 
beings  (Bean  et  al.,  1944).  Woolley  (1945),  however,  did  succeed  in 
producing  nicotinic  acid  deficiency  by  feeding  3-acetylpyridine  to  mice,  a 
species  not  susceptible  to  nicotinic  acid  deficiency  produced  by  the  usual 
dietary  means.  The  action  of  the  antimetabolite  could  be  completely 
counteracted  by  feeding  sufficient  quantities  of  nicotinic  acid  or  nicotin¬ 
amide.  Woolley  suggests  that  nicotinic  acid  might  be  regarded  as  a  hormone 
for  the  mouse  and  that  the  activity  seen  is  “antihormonal”  in  nature.  The 
studies  of  Bean  et  al.  (1944)  involved  feeding  pyridine-3-sulfonic  acid  in 
dosages  of  more  than  100  mg.  daily  intravenously  for  a  two  week  period,  a 
time  interval  possibly  not  long  enough  for  the  development  of  a  deficiency 

S  tQtC 

In  1948,  Ackermann  and  Taylor  studied  the  effect  of  3-acetylpyridine  on 
embryonic  chicks,  and  found  that  the  development  was  inhibited,  an  effect 
which  could  be  reversed  competitively  by  nicotinamide.  Nicotinic  acid  and 
tryptophan  were  much  less  active  against  the  antimetabolite.  Sublethal  doses 
of  3-acetylpyridine  produced  maldevelopment  in  the  embryo  characterized 
by  undersized  deformed  legs  and  a  general  edematous  condition  over 
surface  of  the  body.  The  inhibitor-metabolite  ratio  was  approximately  • 

When  dogs  were  placed  on  a  diet  deficient  in  nicotinic  acid,  the  add  t 
of  the  vitamin  corrected  the  deficiency  state  while  the  addition  of  "*C0‘ 
acid  with  sulfapyridine  failed  to  do  so  (West.  1941).  Raw  hver  given  with 
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sulfapyridine  was  therapeutically  effective.  West  concludes  that  sulfapyridine 
inhibits  the  action  of  nicotinic  acid  but  not  of  preformed  coenzymes. 

Enzymatic  Aspects 

Theoretically,  there  would  be  an  entire  series  of  enzymatic  reactions  in¬ 
volved  in  nicotinic  acid  metabolism  which  might  be  inhibited  by  metabolite 
analogues.  These  should  be:  synthesis  of  nicotinic  acid,  conversion  of  the 
acid  to  the  amide,  incorporation  of  the  amide  into  coenzymes  I  and  II,  and 
activity  of  the  preformed  coenzymes. 

Mcllwain  (1940)  gave  detailed  consideration  to  the  enzymatic  aspects  of 
metabolite  analogues  of  nicotinic  acid.  He  noted  that  the  inhibition  by 
pyridine  sulfonic  acid  of  nicotinic  acid-promoted  growth  of  Proteus 
markedly  exceeded  that  of  growth  promoted  by  nicotinamide;  and  he  in¬ 
terpreted  this  observation  as  representing  an  inhibition  of  conversion  of  the 
acid  to  the  amide.  It  is  probable  that  the  specificity  of  pyridine  sulfonamide 
for  nicotinamide-promoted  growth  of  Staphylococcus  represents  an  ex¬ 
ample  of  the  inhibition  of  the  enzymatic  formation  of  coenzymes  from 
nicotinamide;  however,  the  capacity  of  the  antimetabolite  to  counteract 
coenzyme-promoted  growth  rather  clouds  the  picture.  Mcllwain  interprets 
this  finding  as  an  indication  of  the  availability  of  nicotinamide  for  the  syn¬ 
thesis  of  metabolically  important  chemicals  other  than  coenzymes.  This 
explanation  is  doubtless  correct  but  does  not  alter  the  difficulty  inherent  in 
interpretation  of  results  obtained  in  studies  of  the  nicotinamide  conversion 
phase. 

Studies  of  coenzyme  linked  dehydrogenase  systems  as  affected  by  pyri- 
dine-/?-sulfonic  acid  were  reported  by  Adler  et  al.  (1943).  The  analogue 
was  an  effective  inhibitor,  and  salicylic  acid,  nicotinic  acid,  adenine,  adeno¬ 
sine,  or  adenine  nucleotide  also  acted  in  this  manner.  All  compounds  in¬ 
hibited  the  action  of  glucose,  lactic  acid,  and  succinic  acid  dehydrogenases. 
The  inhibition  caused  by  the  acids  was  greater  in  low  concentrations  of 
coenzyme  than  in  high,  while  the  inhibition  caused  by  the  adenine  group 
was  not  affected  by  a  similar  change.  Increased  substrate  concentrations 
also  tended  to  prevent  inhibition  produced  by  the  acids  on  lactic  acid  de¬ 
hydrogenase  but  had  no  effect  on  that  of  succinic  acid  dehydrogenase. 
These  investigators  concluded  that  bacterial  growth  inhibition  by  pyridine- 

0-sulfomc  acid  occurred  by  substrate  inhibition  as  well  as  by  coenzyme  dis¬ 
placement. 


Chemotherapy  and  Pharmacology 

No  studies  have  been  made  of  the  chemotherapeutic  potentialities  of 
“  “  analogues  of  nicotinic  acid.  One  compound  which  is  actually  a 
s  rue  ural  analogue,  has,  however,  been  tested  and  found  active  against 
streptococci  infections  m  mice.  Nitti  and  Matti  (1942)  synthesized  and 
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studied  three  molecules  of  the  pyridyl  sulfone  type — 4-aminophenyl-5- 
amino-2-pyridyl  sulfone,  4-acetylaminophenyl-5-nitro-2 -pyridyl  sulfone, 
and  4-aminophenyl-5-sulfonamido-2-pyridyl  sulfone.  Of  these,  the  last  is 
structurally  most  closely  related  to  nicotinic  acid. 

The  first  and  only  pharmacology  study  reported  to  date  is  that  of  Braun 
(1949)  who  succeeded  in  reproducing  through  the  use  of  3-acetylpyridine 
the  cardiac  changes  associated  with  a  nicotinic  acid  deficiency  (Rachmile- 
witz  and  Braun,  1948).  Using  isolated  rabbit  heart,  Braun  noted  electro¬ 
cardiographic  changes  within  10  to  34  minutes  after  perfusion  with  acetyl- 
pyridine  (1:1000  to  1:5000)  was  initiated.  Disturbances  of  rhythm,  A-V 
block  and  ventricular  fibrillation  were  found.  The  A-V  block  was  reversed 
in  8  to  15  minutes  by  perfusion  with  niacinamide  in  concentration  of 
1:100,000  to  1:500,000.  If  these  observations  represent  interference  with 
the  formation  of  coenzymes  from  nicotinamide,  the  time  elements  involved 
suggest  great  speed  of  synthesis  of  these  factors.  It  is  unfortunate  that  Braun 
did  not  perfuse  with  a  balanced  metabolite-antimetabolite  solution  to  insure 
against  the  potentiality  of  indirect  pharmacological  activity.  The  fact  that 
perfusion  with  normal  fluid  alone  for  25  minutes  did  not  reverse  the  ar¬ 
rhythmias  induced  by  the  antimetabolite  can  be  taken  as  indicative  of 
direct  action,  but  it  does  not  prove  the  point. 


Recapitulation 

Once  again,  the  similarity  of  pattern  of  metabolite  analogues  of  B-com- 
plex  factors  is  seen.  As  indicated  in  the  introduction  to  this  section,  anti¬ 
metabolites  have  been  made  with  substituent  modification  (pyridine-0- 
sulfonamide)  and  with  ring  modification  (thiazole-5-carbonic  acid  amide). 
Comparatively  little  work  has  been  done  with  ring  modified  analogues. 

Prevention  of  the  formation  of  nicotinic  acid  by  those  microorganisms 
not  requiring  preformed  nutrilite  has  not  been  the  subject  of  study.  Each 
of  the  subsequent  steps  of  nicotinic  acid  metabolism  has  been  reported  to 
be  inhibited  by  displacers:  the  conversion  of  nicotinic  acid  to  mcotmami  e 
by  pyridine  sulfonic  acid,  the  incorporation  of  nicotinamide  into  coenzyme 
forms  by  pyridine  sulfonamide,  and  the  action  of  formed  coenzymes  by 

either  the  acid  or  the  amide.  . 

Nicotinic  acid  deficiency  has  been  produced  in  the  mouse  by -*c#y  - 
pyridine,  which  is  not  an  effective  antimetabolite  m  bacterial  syste • 
Pyridine  sulfonic  acid,  inactive  in  the  mouse,  »  active  agams  micro: 
organisms.  Attempts  to  apply  nicotinic  acid  analogues  as  "J,vo 
bacterial  agents  have  not  been  made.  Pharmacologically,  cardiac  chan 
can  be  induced  in  the  isolated  rabbi,  heart  which  duplicate  those  produced 
by  nicotinic  acid  deficiency  in  the  intact  animal. 
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Metabolite  Analogues  of  Biotin  (Vitamin  H) 

O 

II 

/% 

HN/2  j'NH 

I  I 

hc4 — 3ch 

HC5  -CH— CH  — CH — CH— CH— COOH 

\s/ 

Biotin 

2'-keto-3,4-imidazolido-2-tetrahydrothiophene-n-valeric  acid 


1.  Studies  Involving  Microorganisms. 

a.  Analogues  with  Tetrahydrothiophene  Ring  Modification  or  Replacement.' 

b.  Analogues  with  Imidazoline  Ring  Modification  or  Replacement. 

c.  Analogues  with  Valeric  Acid  Side  Chain  Modification  or  Replacement.' 

d.  Analogues  of  Pimelic  Acid. 

2.  Studies  Involving  Enzymes. 

3.  Chemotherapy. 

4.  Avidin  Studies. 

5.  Recapitulation. 


Biotin  deficiency  states  were  initially  produced  by  feeding  d.ets  in  which 
dried  egg  white  was  the  sole  source  of  protein.  The  dermatitis  so  character¬ 
ized  the  deficiency  that  the  curative  factor  became  known  as  vitamin  H 
(skin  vitamin).  This  factor  which  is  of  almost  universal  distribution  in  the 
plant  and  animal  worlds  is  essential  to  the  growth  and  well-being  of  bac¬ 
teria  yeasts,  rats,  chicks,  rabbits,  monkeys,  dogs,  and  man.  Deficiency  in 
the  r’atrauses  a  seborrheid  desquamative  dermatitis,  abnormal  skin  pigmen¬ 
tation  dsturbances  in  the  nervous  system,  “spectacled  eyes,”  emaciation, 
Ind  death  Biotin  deficiency  in  man  results  in  dermatitis,  lassitude,  son,- 

«- »“  “ 

There  are  oacierm  m  r  required  preformed  by  most 

Ss“Srr:Xr,ain  other  degradation  products  of  biotin  can 

function  as  biotin  PTe“nl0".‘0!(^^fS“‘  white  which  firmly  binds 
bir-  din  may  *  regarded  as 

3  Biofin  appears  to  e'dtc'hafac- 

fatty  acids  replace  biotin  for  lactic  acd  bacteruc  Similar  ev  ^ 

—  ;•  T“”.  1“ "  Z  — ’ .  - — > 

*  If  modifications  or  changes  are  made  in  m 
included  with  the  first  series  above  listed. 
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synthesis  but  also  in  oxalacetate  decarboxylation  and  carbon  dioxide  fixa¬ 
tion,  amino  acid  deamination  reactions,  citrulline  synthesis,  and  succinic 

acid  decarboxylation. 

Chemically,  as  a  model  of  analogues,  biotin  can  be  considered  as  con¬ 
sisting  of  three  units;  the  imidazoline  ring,  the  tetrahydrothiophene  ring, 
and  the  valeric  acid  side  chain.  Modification  in  any  single  segment  or  per¬ 
mutations  and  combinations  thereof  might  well  be  expected  to  produce 
effective  metabolite  analogues. 


Studies  Involving  Microorganisms 

Analogues  with  Tetrahydrothiophene  Ring  Modification  or  Replacement 

The  first  biotin  antimetabolite  to  be  investigated  was  desthiobiotin  which 
is  a  molecule  with  the  tetrahydrothiophene  ring  split  open  and  the  sulfur 
atom  eliminated.  duVigneaud  and  his  associates  (1942)  using  Lactobacillus 
casei  as  test  organism  found  this  molecule  to  exert  an  antibiotin  action  in 
concentrations  of  10-7  M.  By  increasing  the  concentration  of  biotin,  the 
action  of  the  antimetabolite  was  completely  counteracted.  Desthiobiotin 
was  capable  of  functioning  as  a  substitute  for  biotin  in  the  growth  processes 
of  the  yeast,  Saccharomyces  cerevisiae.  Along  similar  lines,  the  results  of 
Lilly  and  Leonian  (1944)  showed  that  desthiobiotin  replaced  biotin  as  a 
growth  factor  in  some  25  different  yeasts;  that  desthiobiotin  did  not  replace 
biotin  as  a  growth  factor  for  Lactobacillus  casei,  arabinosus,  or  certain 
yeasts;  that  it  did  not  act  as  an  antibiotin  in  the  presence  of  exogenous 
sources  of  biotin  using  Lactobacillus  arabinosus  as  test  organism;  and  that 
it  did  act  as  an  antibiotin  for  Sordaria  fimicola  and  Lactobacillus  casei. 

The  sulfonic  acid  analogue  of  desthiobiotin  was  synthesized  by  Duschin- 
sky  and  Rubin  (1948)  and  found  inhibitory  against  Saccharomyces  cere¬ 


visiae.  The  effect  was  more  pronounced  against  the  growth  promoting  action 
of  d, 1-0-heterobiotin  and  d,l-desthiobiotin  than  of  biotin.  The  compound 
had  no  effect  on  Lactobacillus  casei. 

Biotin  sulfone  (Dittmer  et  al.,  1944a)  became  the  object  of  tests  for 
antibiotin  action  following  the  report  that  an  excess  of  this  compound 
liberated  biotin  from  the  avidin  biotin  complex.  The  only  explanation  would 
lie  in  structural  displacement  from  the  surface  of  the  avidin  protein  mole¬ 
cule.  Subsequently,  the  Cornell  group  (Dittmer  and  duVigneaud,  1944b) 
extended  their  observations  to  include  a  series  of  chemicals  which  represent 
lotin  analogues  modified  in  the  tetrahydrothiophene  moiety.  The  sulfone 
was  found  to  be  a  very  potent  antibiotin  compound,  inhibiting  the  growth 
of  Lac  tobacillus  casei,  Lactobacillus  arabinosus,  and  Staphylococcus  aureus 

biodnr pnh*Ul°"  rat'0S  of  280  (280  molecules  of  sulfone  inhibited  one  of 
lant.m  F  Saccharomyces  cerevisiae,  biolin  sulfone  was  a  growth  stimu- 

Imidazolidone  caproic  acid  was  synthesized  and  found  to  be  an  active 
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antibiotin.  This  molecule  differs  from  that  of  desthiobiotin  only  in  that  it 
lacks  the  methyl  group  attached  to  the  imidazolidone  ring.  In  contrast  to 
imidazolidone  caproic  acid,  the  valeric  acid  compound,  which  differs  from 
desthiobiotin  in  the  lack  of  the  ring  methyl  and  in  having  one  less  methylene 
group  in  the  side  chain,  was  found  to  stimulate  the  growth  of  yeast  and  was 
not  an  antibiotin  factor  for  Lactobacillus  casei  even  though  it  did  not  pro¬ 
mote  growth.  Both  the  urea  ring  and  the  side  chain  carboxylic  acid  were 
important  for  the  determination  of  ability  to  combine  with  avidin.  Biotin 
sulfone,  imidazolidone  caproic  and  valeric  acids — all  displaced  biotin  from 
the  avidin  biotin  complex.  The  complexity  of  the  problem  of  specificity  in 
relationship  to  antibiotin  activity  is  illustrated  in  Table  V  from  the  Dittmer 
and  duVigneaud  paper. 


Table  V 


The  Growth  Promoting  and  Antibiotin  Activities  of  Compounds  Structurally 
Related  to  Biotin  and  Their  Interaction  with  Avidin 


Compound 

• 

G  row  th 

Promoting  A  cti vity 
in  %  of  Biotin 

A nti biotin  Activity * 

Combi¬ 

nation 

with 

Avidin 

Lactobacillus 
Yeast  casei 

Lactobacillus 
Yeast  casei 

Biotin 

100 

100 

None 

None 

Yes 

Biotin  sulfone 

0.1 

0 

None 

280 

Yes 

Desthiobiotin 

100 

0 

None 

9,100 

Yes 

Biotin  diaminocar- 

10 

0.01 

None 

None 

No 

boxylic  acid 

Desthiobiotin 

10 

0 

None 

None 

No 

diaminocarboxylic 

acid 

Imidazolidone 

0.0017 

0 

None 

None 

Yes 

valeric  acid 

Imidazolidone 

0 

0 

760.000 

126,000 

Yes 

caproic  acid 

.  Antibiotin  activity  expressed  as  molar  inhibition  ratio,  Dittmer  and  duVigneaud 


Science,  100,  129,  1944. 


To  add  even  more  complications  to  the  picture,  Axelrod  et  al.  ( 1946) 
demonstrated  that  biotin  sulfone  was  considerably  more  effective 

DUm^r  Imd' duVigneaud  (1947)  extended  their  original  observations  on 
the  antibiotin  activity  of  imidazolidone  aliphatic  acids.  Of  the  series  studied, 
w  ich  included  the  Caproic,  valeric  heptanoic  and  oa.no*  =  - 
the  imidazolidone  caproic  acid  was  the  most  potent  and  the  valeric  moiecu 
the  least.  The  testing  organisms  were  Saccharomyces  cerevtsiae  an 
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haciHus  casei.  The  caproic  acid  analogue  was  also  found  effective  agains 
Types  II  and  III  pneumococci  and  Escherichia  coh.  In  this  senes  of  co  - 
pounds,  the  antibiotin  activity  seemed  to  parallel  the  avidin  com  lning 
power.  The  potency  of  imidazolidone  caproic  acid  is  interesting  because 
possesses  the  same  length  side  chain  as  desthiobiotin  and  differs  from  it  only 
in  the  absence  of  the  terminal  methyl  group.  Another  structural  isomer  of 

desthiobiotin,  namely  a-isopropyl-5-methyl-2-oxo-4-imidazol,d,nepropi- 

onic  acid  was  synthesized  by  Brown  and  Ferger  (1946)  but  the  molecule 
was  not  an  antibiotin.  The  specific  point  of  competitive  action  by  lmidazoli- 
done  caproic  acid  on  Escherichia  coli  has  been  designated  by  Rogers  and 
Shive  (1947)  as  that  of  displacement  of  desthiobiotin  from  an  enzyme 


system  which  functions  in  biotin  synthesis. 

Other  sulfones  including  those  of  norbiotin,  homobiotin,  bis-homobiotin, 
and  tris-homobiotin  have  been  reported  to  be  effective  metabolite  analogues 


of  biotin  (Goldberg  et  al.,  1947)  and  when  oxybiotin  is  the  growth  factor 
they  are  even  more  active  (Rubin  and  Scheiner,  1949).  As  would  be  antici¬ 
pated,  these  agents  do  not  counteract  the  growth  effect  of  oleic  acid  in 
Lactobacillus  arabinosus. 

In  1945,  English  and  his  co-workers  reported  work  on  two  series  of  anti¬ 
biotins,  the  ureylenebenzene  and  cyclohexane  derivatives  of  biotin.  In  gen¬ 
eral,  the  cyclohexanes  were  more  potent  as  biotin  antagonists  than  the 
corresponding  benzene  compounds.  Two  tables  are  included  from  the  paper 
by  this  group  as  they  indicate  with  brevity  the  scope  and  results. 


Table  VI* 

Ureylenebenzene  and  Cyclohexane  Derivatives 


\ 

(CH.)nCOOH 


n 

Carbocyclic  Ring 

n 

I 

3 

Phenyl 

VII 

3 

11 

3 

Cyclohexyl 

VIII 

3 

III 

4 

Phenyl 

IX 

4 

IV 

4 

Cyclohexyl 

X 

4 

V 

0 

Phenyl 

XI 

0 

VI 

0 

Cyclohexyl 

XII 

0 

*  From  English  et  al.,  ].  Am.  Chem.  Soc.,  67,  295,  1945. 


Carbocyclic  Ring 

Phenyl 

Cyclohexyl 

Phenyl 

Cyclohexyl 

Phenyl 

Cyclohexyl 
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From  these  tables,  it  can  be  seen  that  with  the  exception  of  the  benzoic 
acid  derivatives,  all  of  the  substances  prepared,  both  in  the  benzene  and 
the  cyclohexane  series,  were  effective  biotin  antagonists  for  Lactobacillus 
casei  and  yeast.  As  with  biotin  sulfone  so  y-(3,4-ureylenecyclohexyl)  butyric 
acid  has  a  greater  specificity  for  oxybiotin  inhibition  than  for  biotin  when 
using  Lactobacillus  arabinosus  as  the  test  organism  (Axelrod  et  al.,  1946). 


Table  VII * 


Antibiotin  Activity  and  Molecular  Inhibition  Ratios 
with  Lactobacillus  casei  and  Yeast 


Compound 

M.p.,  °C. 
(cor.) 

M.E.C.  X  W H 
Lactobacillus  casei 

Yeast 

Inhib. 

ratio  X  10~5% 
Lactobacillus  casei 

Yeast 

I 

299-300 

100 

0.625 

250 

3.1 

II-A 

218-220 

50 

0.003 

125 

0.015 

II-B 

192-194 

25 

0.003 

62.5 

0.015 

III 

263-265 

25 

5.0 

62.5 

25.0 

IV-A 

222-226 

0.125 

0.006 

0.31 

0.03 

IV-B 

183-184 

0.125 

0.006 

0.31 

0.03 

VII 

253.5-255 

6.25 

12.5 

15.0 

62.5 

VIII 

137-139 

0.016 

0.31 

0.04 

1.56 

IX 

234-236 

3.1 

3.1 

7.5 

15.6 

X 

212-214 

0.125 

0.31 

0.31 

1.56 

*  From  English  et  al.,  J.  Am.  Chem.  Soc.,  67,  295,  1945. 

t  M.E.C.  indicates  the  smallest  amount  in  moles/liter  which  produces  greater  than 
50  per  cent  inhibition  of  growth  of  Lactobacillus  casei  after  72  hours  in  a  medium  con¬ 
taining  the  minimum  concentration  of  biotin  (4.1  X  10-i°M)  for  normal  growth. 
With  yeast,  readings  were  taken  at  40  hours,  and  2  X  10  M  biotin  was  used. 

%  Moles  of  antagonist  required  to  inhibit  the  growth  promoting  action  of  one  mole 
of  biotin. 


Other  potential  antibiotins  which  are  members  of  the  series  in  which 
the  tetrahydrothiophene  ring  has  been  modified  are  the  furan  and  tetra- 
hydrofuran  derivatives.  The  first  of  these  to  be  synthesized  was  dl-oxybiotin 
(Hofmann,  1945),  which  was  demonstrated  (Pilgrim  et  al.,  1945;  Rubin 
et  al.,  1945)  to  possess  essentially  the  same  activity  as  biotin,  thus  estab¬ 
lishing  the  lack  of  specificity  of  the  tetrahydrothiophene  moiety  of  the  mole¬ 
cule.  Subsequently,  Hofmann  et  al.  (1947)  prepared  a  number  of  oxybiotin 
homologues  including  dl-bis-homo-oxybiotin,  dl-bis-nor-oxybiotin  dl-nor- 
oxybiotin,  and  dl-homo-oxybiotin.  None  of  the  homologues  possessed  activity 
as  growth  promoters,  nor  did  they  act  as  antibiotins  at  molar  inhibition 
ratios  of  approximately  500,000.  As  antioxybiotins  with  Sacc£r°™yc™ 
cerevisiae,  the  nor  compound  had  a  molar  inhibition  ratio  of  143,000,  the 
bis-homo  30,000;  and  the  homo  analogue  7400.  The  bis-nor  compoun  was 
Using  Lactobacillus  arabinosus.  only  the  homo  analogue  was 
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Table  VIII 

Metabolite  Analogues  of  Biotin  with  Tetrahydrothiophene  Ring 
Modification  or  Replacement 
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Name 


Activity 


Reference 


Desthiobiotin 


Desthiobiotin  sulfone 

(4-methyl-5-(e-sulfoamyl)- 

2-imidazolidone) 

Biotin  sulfone 


Imidazolidone  caproic  acid 


Imidazolidone  valeric, 

heptanoic,  and  octanoic  acids 

5-(3,4-Ureylenecyclohexyl)- 
valeric  acid  and  correspond¬ 
ing  benzene  compound 

dl-Oxybiotin,  O-heterobiotin  — 


dl-Bis-nor-oxybiotin 
( dl-hexahydro-2-oxo- 1  - 
furo(3,4)-imidazole-4- 
propionic  acid) 

dl-Nor-oxybiotin 
(dl-hexahydro-2-oxo-l- 
furo(  3,4)-imidazole-4- 
butyric  acid) 

dl-Homo-oxybiotin 
( dl-hexahydro-2 -oxo-1  - 
furo(3,4)-imidazole-4- 
caproic  acid) 

dl-Bis-homo-oxybiotin 
( dl-hexahydro-2-oxo- 1  - 
furo(3,4)-imidazole-4- 
heptoic  acid) 

dl-Oxybiotin  sulfone 


dl-Homo-oxybiotin  sulfone 


+  ;  Lactobacillus  casei  Dittmer  et  al.,  1944 
-j-  ;  Lactobacillus  casei  Lilly  &  Leonian,  1944 
and 

Sordaria  fimicola 

-f  ;  Saccharomyces  Duschinsky  &  Rubin,  1948 
cerevisiae 

—  ;  Lactobacillus  casei 

-f  ;  Lactobacillus  casei  Dittmer  &  duVigneaud,  1944 
+  ;  Lactobacillus 
arabinosus 
-+-  ;  Staphylococcus 
aureus 

-f-  ;  Lactobacillus  casei 
-j-  ;  Saccharomyces 
cerevisiae 

±  ;  Lactobacillus  casei 
-f-  ;  Saccharomyces 
cerevisiae 

-f-  ;  Lactobacillus  casei 
-j-  ;  Saccharomyces 
cerevisiae 


—  ;  Saccharomyces 
cerevisiae 

—  ;  Lactobacillus 
arabinosus 
Antioxybiotin 

+  ;  Saccharomyces 
cerevisiae 

—  ;  Lactobacillus 
arabinosus 
Antioxybiotin 

-f  ;  Saccharomyces 
cerevisiae 

+  ;  Lactobacillus 
arabinosus 
Antioxybiotin 

+  ;  Saccharomyces 
cerevisiae 

—  ;  Lactobacillus 
arabinosus 
Antioxybiotin 

+  ;  Saccharomyces 
cerevisiae 

+  ;  Lactobacillus 
arabinosus 

—  ;  Saccharomyces 
cerevisiae 

—  ;  Lactobacillus 
arabinosus 


Dittmer  &  duVigneaud,  1944 
“  “  1947 


Dittmer  &  duVigneaud,  1944 
“  “  1947 


English  et  al.,  1945 


Pilgrim  et  al.,  1945;  Rubin 
et  al.,  1945 

Hofmann  et  al.,  1947 


Hofmann  et  al.,  1949 
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Table  Vlll — ( Continued ) 


Name  Activity  Reference 


Hexahydro-2-oxo-4-(4-benzyl- 

mercaptobutyl)-l-furo- 

(3,4)-imidazole 


Hexahydro-2-oxo-4-  ( 5-benzyl- 
mercaptopentyl )  - 1  -furo- 
(3, 4) -imidazole 

Norbiotin  sulfone 


+  ;  Saccharomyces  Axelrod  &  Hofmann,  1949 
cerevisiae 
+  ;  Lactobacillus 
arabinosus 

+  ;  Saccharomyces 
cerevisiae 
-j-  ;  Lactobacillus 
arabinosus 

+  ;  Lactobacillus  casei  Goldberg  et  al.,  1947 
-j-  ;  Saccharomyces 
cerevisiae 


Homobiotin  sulfone 


;  Lactobacillus  casei 
4-  ;  Saccharomyces 
cerevisiae 


Bis-homobiotin  sulfone 


-j-  ;  Lactobacillus  casei 
-j-  ;  Saccharomyces 
cerevisiae 


Tris-homobiotin  sulfone 

a-lsopropyl-5-methyl-2-oxo- 

4-imidazolidinepropionic 

2,3,4,5-Tetradehydrobiotin 


-f  ;  Lactobacillus  casei 
-j-  ;  Saccharomyces 
cerevisiae 

—  ;  Lactobacillus  casei 

acid 

—  ;  Lactobacillus 
arabinosus 

—  ;  Saccharomyces 
cerevisiae 


Brown  and  Ferger,  1946 
Cheney  and  Piening,  1945 


active  (molar  inhibition  ratio  225,000).  Thus,  side  chain  specificity  is 
demonstrated  both  for  biotin  or  oxybiotin  growth  effects  and  for  antioxy- 
biotin  potency.  Hofmann  et  al.  (1947)  suggest  that  the  intramolecular 
distance  between  the  carboxyl  group  and  the  urea  portion  may  be  important 
for  the  configuration  necessary  for  attachment  of  oxybiotin  to  its  specihc 

protein  carrier. 

The  logical  extension  of  these  studies  was  to  the  sulfonic  acid  analogues. 
The  synthesis  and  testing  of  the  sulfonic  acid  analogues  of  oxybiotin  and 
homo-oxybiotin  was  reported  by  the  Pittsburgh  group  (Hofmann  et  ah, 
1947a  1949)  Oxybiotin  sulfone  was  an  effective  antagonist  for  bio 

and  oxybiotin  in  systems  involving  Lactobacillus  arabinosus  and  teto- 
myces  cerevisiae.  In  contrast,  homo-oxybiotin  sulfone  had  a  slight  stimula¬ 
tory  effect  on  both  microorganisms.  Details  of  the  biological  s  udies  o 
oxybiotin  derivatives  were  presented  in  tabular  form  by  Axelrod  and 
Hofmann  (1949)  and  this  table  is  included  here  because  t  «  °f  8™ 
imoortance.  Two  oxybiotin  analogues— hexahydro-2-oxo-4-  4-bcnzy  e 
captobutyl ) - 1  -f uro- (3,4) -imidazole  and  hexahydro-2-oxo-  -(  -  enzy  n  c  - 
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captopentyl)-l-furo-( 3, 4) -imidazole— were  tested  against  Escherichia  coli 
and  Staphylococcus  aureus,  which  do  not  require  an  exogenous  source  of 
biotin,  and  both  were  found  inactive.  The  implication  is  that  these  com¬ 
pounds  were  incapable  of  halting  the  enzymatic  processes  which  normally 
result  in  the  formation  of  biotin  in  these  microorganisms. 
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8-(3,4-UreyIenecyclohexyl)- 
valeric  acid 


O 


c 

v  /  \ 

o 

II 

NH  NH 

c 

i  i 

CH - CH 

|  | 

HN  \ 

CH^  CH-(CH2)4-COOH 

c=J: 

1  1 

O 

Oxybiotin 

dl-hexahydro-2-oxo-l -furo(3,4) 
imidazole-4-valeric  acid 

Fig.  3.  ( Continued 


CH3  CHo— (CHo)4— COOH 

4-MethyI-5-w-carboxyl-n- 

pentylthiazol-2-one 

on  page  330.) 
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Fig.  3.  Metabolite  analogues 
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2,3,4,5-Tetradehydrobiotin 

of  biotin  and  its  precursors. 
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Analogues  with  Imidazoline  Ring  Modification  or  Replacement 

Very  few  molecules  which  can  be  classified  as  biotin  analogues  in  which 
the  imidazoline  ring  has  been  modified  or  replaced  have  ever  been  made, 
the  examples  given  here  might  with  equal  logic  have  been  presented  in  the 
section  on  tetrahydrothiophene  moiety  modification  molecules.  The  activity 
of  desthiobiotin  has  been  established  and  comparison  with  the  thiourea 
analogue  of  desthiobiotin  (Brown  and  duVigneaud,  1946)  and  the  thiazole 
analogues  of  Swain  (1949)  will  serve  to  give  some  idea  of  the  probable 
activity  of  this  type.  In  contrast  to  desthiobiotin,  the  thiourea  analogue 
of  Brown  and  duVigneaud  possessed  but  slight  growth  promoting  power  for 
yeast  and  low  antibiotin  activity  against  Lactobacillus  casei. 

Swain  prepared  4-methyl-5-w-carboxy-n-pentylthiazol-2-one  and  the 
butyl  compound,  2-amino-4-methyl-5-w-carboxyl-n-propylthiazole  and  the 
butyl  and  pentyl  molecules,  2-mercapto-4-methyl-5-w-carboxy-n-propylthia- 
zole  and  the  butyl  and  pentyl  molecules,  and  finally  2-carboxymethylthio- 
4-methyl-5-w-carboxyl-n-propylthiazole.  Not  one  of  these  molecules  in¬ 
hibited  growth  in  vitro  of  Lactobacillus  casei,  Streptococcus  pyogenes, 
Staphylococcus  aureus,  Escherichia  coli  or  Pyocyaneus  pyocyanea  up  to 
concentrations  of  1  in  1000. 

When  these  results  are  compared  with  the  activity  of  desthiobiotin  in 
certain  bacterial  systems,  the  conclusion  is  that  modification  of  the  imidazo¬ 
line  ring  results  in  partial  or  complete  loss  of  activity. 


Analogues  with  Valeric  Acid  Side  Chain  Modification  or  Replacement 

The  lower  and  higher  homologues  of  biotin,  including  norbiotin,  homo¬ 
biotin,  bis-homobiotin,  and  tris-homobiotin,  have  been  prepared  and  tested 
by  Goldberg  et  al.  (1947)  who  report  that  all  of  these  compounds  are 
relatively  potent  antibiotins  for  Lactobacillus  casei  and  Saccharomyces 
cerevisiae.  Homobiotin  was  the  most  effective  and  is  probably  the  most 

efflctivr^0tln  C7P°Und  known-  The  corresponding  sulfones  were  also 
effective.  When  oxybiotm  is  the  growth  factor,  these  homologues  of  biotin 

trristeVbutm°re  PTrfUl  inh,bltors  (Rubin  and  Scheiner,  1949).  By  con- 
trast  but  m  accordance  with  logic,  the  growth  effect  of  oleic  acid  is  not 

stein  (1949)  havT^  th^se  ant*metabolites-  Recently,  Belcher  and  Lich- 
need  of  hint!  h  rep0rted  that  homobiotin  and  norbiotin  can  replace  the 

Other  strains.  rL^ceTnTaT ^  funCti°ning  as  anlibi°>ins  against 
direct  manifestation  of  the  Z  '  Y  “  regarded  **  these  “«•><«  as  a 
biotin,  and  “  £  °f  or  h°™- 

is  oniy  partial,  being  for  growth  and  no,  Z  £$£*“** 


Table  IX* 

Antibiotin  and  Antioxybiotin  Activities  of  Oxybiotin  Derivatives 
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VII  Hexahydro-2-oxo-4-  5  COOH  480,000  13,400  (0.0010) 

(6,6-dicarboxyl- 

hexyl)-l-furo-3,4-  — CH 
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Table  X 


Metabolite  Analogues  of  Biotin  with  Imidazoline  Ring  Modification 

or  Replacement 


Name 

Activity 

Reference 

4-Methyl-5-w-carboxy-n-pentyl- 
thiazol-2-one  and  the  butyl 
compound 

—  ;  Lactobacillus  casei 

Swain,  1949 

2-Amino-4-methyl-5-w-carboxy-n- 
propylthiazole  and  the  butyl  and 
pentyl  compounds 

—  ;  Lactobacillus  casei 

it 

2-Mercapto-4-methyl-5-w-carboxy- 
n-propylthiazole  and  the  butyl 
and  pentyl  compounds 

—  ;  Lactobacillus  casei 

(i 

2-Carboxymethylthio-4-methyl-5- 

w-carboxy-n-propylthiazole 

—  ;  Lactobacillus  casei 

Thiourea  analogue  of  desthiobio- 
tin:  5-methyl-2-thiono-4-imida- 
zolidinecaproic  acid 

+  ;  Lactobacillus  casei 

Brown  &  duVigneaud, 
1946 

Table  XI 

Metabolite  Analogues  of  Biotin  with  Valeric  Acid  Side  Chain  Modification 

or  Replacement 


Name 

Activity 

Reference 

Norbiotin 

+ 

Lactobacillus  casei 

Goldberg  et  al., 

1947 

+ 

Saccharomyces  cerevisiae 

Homobiotin 

+ 

Lactobacillus  casei 

Goldberg  et  al.. 

1947 

+ 

Saccharomyces  cerevisiae 

Bis-homobiotin 

+ 

Lactobacillus  casei 

Goldberg  et  al.. 

1947 

+ 

Saccharomyces  cerevisiae 

Tris-homobiotin 

+ 

Lactobacillus  casei 

Goldberg  et  al., 

1947 

+ 

Saccharomyces  cerevisiae 

Analogues  of  Pimelic  Acid 

The  first  attempt  to  ascertain  the  biological  significance  of  analogues  of 
pimelic  acid  was  that  of  Ivanovics  and  Vargha  (1944)  who  prepared  and 
tested  the  sulfonic  acid  compounds.  Neither  n-pentane-l,5-disulfon.c  acid 
nor  t-sulfo-n-caproic  acid  nor  their  sulfamides  affected  the  growth  of 
Escherichia  coli,  Staphylococcus  aureus.  Streptococcus  hemolyticus,  or  the 

d'PMost  recently,  Woolley  (1950)  synthesized  e-(2,4-dichlorosulfamlido)- 
caproic  acid  and  found  that  it  inhibited  the  growth  of  several  bactena  which 
do  not  require  biotin  as  a  growth  factor.  The  compound  was  not  effective 
against  biotin-requiring  organisms.  Woolley  offers  this  as  an  example  of  an 
inhibitor  of  a  metabolite  precursor  which  will  affect  those  microorganisms 
capable  of  synthesizing  the  factor  but  will  not  harm  those  which  cannot 
therefore  require  the  preformed  nutrilite. 


Metabolite  Analogues  of  Biotin  (Vitamin  H) 
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Studies  Involving  Enzymes 

Few  studies  have  been  conducted  on  the  action  of  biotin  analogues  in 
enzyme  systems.  However,  the  excellent  report  of  Axelrod  et  al.  (1948) 
gives  much  insight  into  the  problem.  These  investigators  found  that  three 
structural  analogues  of  biotin — y-(3,4-ureylenecyclohexyl) -butyric  acid, 
homo-oxybiotin,  and  oxybiotinsulfonic  acid — had  the  ability  to  counteract 
the  biotin  and  oxybiotin  effects  on  fermentation  provided  the  antagonist 
was  added  prior  to  the  vitamin.  From  this  observation,  they  conclude  that 
the  structural  analogues  exert  their  growth  and  fermentation  inhibiting 


Table  XII 

Metabolite  Analogues  of  Pimelic  Acid 


Compound 

Activity 

Organism 

Reference 

n-Pentane-l,5-disulfonic 
acid  and  sulfamide 

Escherichia  coli 
Staphylococcus  aureus 
Streptococcus  hemolyticus 
Diphtheria  bacillus 

Tvanovics  and  Vargha, 
1944 

e-Sulfo-n-caproic  acid 
and  the  sulfamide 

Escherichia  coli 
Staphylococcus  aureus 
Streptococcus  hemolyticus 
Diphtheria  bacillus 

Ivanovics  and  Vargha, 
1944 

e-(2.4-Dichlorosulfanil- 
ido)-caproic  acid 

+ 

Organisms  which  synthe¬ 
size  biotin 

Woolley,  1950 

effects  by  preventing  the  synthesis  of  an  enzymatically  active  complex  of 
biotin.  Aspartic  acid  was  capable  of  stimulating  fermentation  of  biotin 
deficient  yeast,  and  this  effect  could  not  be  antagonized  by  metabolite 
analogues  of  biotin.  This  led  to  the  conclusion  that  the  enzymatically  active 
biotin  complex,  the  formation  of  which  is  prevented  by  biotin  analogues, 
has  as  one  of  its  functions  the  synthesis  of  aspartic  acid. 


Chemotherapy 

Due  to  the  difficulty  of  preparation  of  biotin  analogues  few  studies  have 
been  made  of  their  in  vivo  activity.  dl-Homo-oxybiotin  is  the  only  antime- 
tabohte  so  far  studied  (Axelrod  and  Hofmann,  1949).  Against  Strepto¬ 
coccus  hemolyticus  infections  in  mice,  dosages  of  16  and  20  mg.  daily  of 
the  compound  failed  to  afford  any  protection.  A  point  of  pharmacological 
interest  is  that  the  compound  was  nontoxic  at  these  levels.  In  spite  of  the 
negative  results  using  avidin,  the  procarcinogenic  effect  of  biotin  in  butter 
yellow  tumor  formation  (duVigneaud  et  al.,  1942)  strongly  indicates  the 

I’JfrL'  .  f  an‘lb,otlns  as  anticarcinogens.  Furthermore,  the  endocrine 
stimulation  of  avidm  or  antibrotin  formation  in  the  female  genital  tract 

,  uZ, ^  3  ’  949  P°,ntS  l°  anoIher  interesting  application  of  synthetic 
metabolite  analogues  of  biotin.  syntnetic 
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Avidin  Studies 

Avidin,  or  more  specifically  the  avidin  biotin  complex,  may  be  considered 
as  a  natural  antimetabolite  for  the  vitamin.  The  complex  is  after  all  a  large 
molecular  analogue  which  prevents  the  action  of  the  nutrilite.  The  logic  of 
this  assertion  lies  in  the  analogy  of  the  chelation  agent  which  in  the  sphere 
of  the  inorganic  metabolite  analogues  represents  a  type  of  displacement. 
The  avidin  biotin  complex  is  an  organic  chelation  compound.  Definition  of 
the  term  metabolite  analogue  need  not  be  stretched  at  all  to  cover  this  type 
of  reaction. 

Studies  of  the  combinability  of  biotin  analogues  with  avidin  cannot  be 
correlated  with  antibiotin  action  because  biotin  itself  and  most  replacers  of 
this  factor  combine  with  avidin.  The  only  studies  of  significance  would  be 
those  demonstrating  the  liberation  of  biotin  from  the  avidin  biotin  complex 
by  a  given  metabolite.  Thus,  biotin  sulfone  (Dittmer  et  al.,  1944a),  in 
excess,  frees  biotin  from  the  complex.  The  explanation  lies  in  structural 
displacement  from  the  surface  of  the  protein.  Imidazolidone  caproic  and 
valeric  acids  (Dittmer  and  duVigneaud,  1944b)  were  also  effective.  Using 
this  same  technic  of  estimation  of  relative  avidin-combining  power,  Dittmer 
and  duVigneaud  (1947)  concluded  that  the  avidin-combining  capacity  of 
biotin  metabolite  analogues  roughly  paralleled  their  antibiotin  efficacy. 

Wright  and  Skeggs  (1947)  designed  a  method  for  determination  of  rela¬ 
tive  affinity  of  analogues  for  biotin  and  applied  the  technic  to  a  series  of  19 
molecules  (Wright  et  al.,  1947).  The  method  is  based  on  a  procedure 
requiring  addition  of  stoichiometric  amounts  of  biotin  and  avidin  with 
varying  amounts  of  the  analogue,  and  determination  of  ratio  at  the  concen¬ 
tration  of  analogue  at  which  one  half  of  the  biotin  remains  free  and  is  avail¬ 
able  for  growth  of  the  test  organism.  Only  three  of  the  19  molecules  tested 
showed  a  relative  affinity  ratio  of  sufficient  magnitude  for  practical  measure¬ 
ment  The  three  were  S-(2,3-ureylene-cyclohexyl)-valeric  acid,  y-O,4' 
ureylene-cyclohexyl) -butyric  acid  and  H  3, 4-ureylene-cyclohexyl) -valeric 

acid. 


Recapitulation 

The  title  of  this  chapter  might  well  have  been  Metabolite  Analogues  for 
the  Vitamins  H.  The  biochemical  functions  of  the  nutrilite  can  be  satis  a- 
torily  performed  in  many  systems  by  a  variety  of  molecular  structures.  Th 
specificity  is  only  relative.  This  raises  a  problem  of  study  because  it  is 
necessary  to  define  which  form  of  the  vitamin  is  the  objective  for  the  action 
of  any  ant, metabolite.  For  example,  the  sulfonic  acid  analogue  o  des  h  o- 
biotin  is  a  much  more  powerful  displacing  agent  for ■oxyb  otm 
biotin  than  it  is  for  biotin.  Another  complicating  factor  in  the  examina 
tion  of  this  group  of  analogues  lies  in  the  greater  comparative  tendency 
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a  given  molecule  to  function  in  one  system  as  a  replacer  and  in  another  as 
a  displacer.  Thus,  desthiobin  is  a  growth  factor  for  Saccharomyces  cere- 
visiae  and  an  antibiotin  for  Lactobacillus  casei. 

From  the  standpoint  of  enzymology,  the  picture  with  the  biotin  analogues 
roughly  parallels  that  seen  in  other  B-complex  series.  Pimelic  acid  is  con¬ 
verted  into  desthiobiotin,  which  is  in  turn  transformed  to  biotin  and  then 
to  the  enzymatically  active  form  of  the  nutrilite.  There  are  microorganisms 
capable  of  performing  any  one  of  the  steps,  all  of  the  steps  or  any  proper 
sequence  of  steps.  This  should  mean  that  there  are  antimetabolites  capable 
of  interrupting  any  phase  of  the  sequence.  This  is  the  case.  e-(2,4-Dichloro- 
sulfanilidof-caproic  acid  prevents  the  conversion  of  pimelic  acid;  imidazoli- 
done  caproic  acid  interferes  with  the  conversion  of  desthiobiotin  to  biotin; 
y-(3,4-ureylene-cyclohexyl) -butyric  acid  interrupts  the  incorporation  of 
biotin  into  its  enzymatically  active  form.  To  date,  no  antimetabolite  has 
been  reported  to  interfere  with  the  activity  of  the  preformed  enzymatic  biotin 
complex  but  it  is  to  be  anticipated  that  such  announcement  will  be  forth¬ 
coming.  There  is  a  rough  parallelism  between  the  relative  affinity  (com¬ 
pared  to  biotin)  of  a  given  molecular  structure  for  avidin  and  its  antibiotin 
action. 

In  the  introduction  to  this  discussion,  it  was  stated  that  the  biotin 
molecule  offered  potentialities  for  modelling  antibiotins  by  modification 
in  the  tetrahydrothiophene  ring,  in  the  imidazoline  ring,  or  by  valeric  acid 
side  chain  alteration.  Each  of  these  potentialities  has  actually  been  utilized 
with  resultant  formation  of  antibiotins;  biotin  sulfone  is  an  example  of  the 
first  type,  5-methyl-2-thiono-4-imidazolidine-caproic  acid  of  the  second, 
and  homobiotin  of  the  third  or  valeric  acid  side  chain  alteration  type. 
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AND  VITAMIN  Bi2 

1.  Choline,  General  Aspects. 

2.  Specificity  of  and  Biological  Antagonists  for  Choline. 

a.  Arsenocholine. 

b.  Triethylcholine. 

c.  Sulfocholine. 

3.  Inositol,  General  Aspects. 

4.  Inositol  and  Biological  Antagonism. 

5.  Vitamin  B12,  General. 

6.  Vitamin  B12  and  Biological  Antagonisms. 

7.  Comment. 


Choline 

(CH3)3 — N — CH — CHo— OH 

I 

OH 

Trimethyl-/?-hydroxyethyIammonium  hydroxide 

Choline,  General  Aspects 

Although  the  proper  nutritional  classification  of  choline  is  unsettled  it 
can  be  reasonably  placed  among  the  B-complex  factors.  Requirements  for 
this  substance  can  in  general  be  met  by  adequate  supplies  of  methionine. 
Yet  while  its  prime  function  may  be  in  transmethylation  reactions,  there  is 
proof  of  its  vital  nature  as  a  molecular  entity. 

The  concept  of  transmethylation  was  initially  proposed  by  duVigneaud 
et  a  .  (1939,  1940)  who  found  that  homocysteine  plus  either  choline  or 
betame  replaced  methionine  in  the  diet  of  the  rat.  Conversely,  methionine 
furnishes  methyl  groups  to  choline  and  creatine 

Choline,  the  raw  material  for  the  formation  of  acetylcholine,  plays  a  vital 
but  m  n-ect  role  tn  the  functioning  of  the  parasympathetic  neivous  system 
In  Chapter  2  are  considered  the  action  of  the  enzymes,  choline  acetvlase 

ST  "I  k  r  6  formation  of  acetylcholine)  and  cholinesterase  (which 
breaks  acetylcholine  down  into  its  components)  along  with  all  of  the  an 

agomsms  associated  with  the  parasympathomimetic  action  of  acetylcholine. 
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A  deficiency  of  choline  results  in  growth  inhibition,  the  development  of 
fatty  infiltration  of  the  liver,  hemorrhagic  kidney  degeneration,  and  perosis 
(slipped  tendon  disease)  in  fowls.  The  latter  condition  is  a  bone  malforma¬ 
tion. 

Choline  is  a  constituent  of  lecithin  and  as  such  serves  as  an  important 
structural  material  for  cells.  It  is  in  association  with  phospholipids  that 
choline  exerts  its  so-called  lipotropic  action,  as  fatty  acid  transport  is  de¬ 
pendent  upon  the  phospholipid.  McHenry  and  Patterson  (1944)  discussed 
the  accumulation  of  fat  in  the  livers  of  animals  on  diets  high  in  neutral  fat 
or  cholesterol,  and  the  prevention  or  reduction  in  severity  of  these  fatty 
livers  by  choline  or  any  substance  capable  of  supplying  labile  methyl  groups 
for  the  synthesis  of  choline.  These  investigators  attributed  the  fatty  livers 
to  a  failure  of  the  phospholipid  transport  mechanism. 

Many  substances,  viz.,  guanidoacetic  acid,  produce  fatty  livers  even  in 
the  presence  of  limited  amounts  of  choline  (Stetten  and  Grail,  1942). 
Guanidoacetic  acid  drains  off  the  labile  methyl  in  its  transformation  into 
creatine  (Stetten,  1942).  This  limits  the  supply  of  choline  lor  phospholipid 
synthesis.  It  has  been  clearly  established  that  the  transmethylation  action  of 
choline  is  not  essential  to  its  lipotropic  power,  apparently  a  function  of  the 
intact  molecule.  In  the  broadest  sense,  guanidoacetic  acid  may  be  regarded 
as  an  indirect  biological  antagonist  of  choline.  Similarly,  nicotinic  acid  can 
be  considered  in  this  category,  as  its  conversion  to  trigonelline  and  N- 
methylnicotinamide  drains  the  body  of  methyl  groups  (Handler  and  Dann, 


1942).  .  u  u  •  • 

The  renal  lesions  produced  by  choline  deficiency  are  hemorrhagic  in 

character  and  the  tremendous  importance  of  this  phase  of  choline  nutrition 
has  only  recently  been  recognized.  Hartroft  and  Best  (1949)  have  been 
able  to  produce  hypertension  in  rats  exposed  to  an  acute  choline  deficiency 
for  a  short  period  in  early  life.  Apparently,  the  residual  kidney  damage 
results  in  the  elicitation  of  those  abnormal  biochemical  reactions  responsi¬ 
ble  for  hypertension.  The  average  blood  pressure  of  the  expen mental  ani¬ 
mals  was  195  mm.  as  contrasted  to  1 18  mm.  for  the  contro  s.  e 
of  the  hypertensive  animals  were  twice  the  size  of  those  of  the  controls  an 
°he  pathology  as  reflected  in  the  arterioles  indicated  advanced  stages  of 
hypertension"  These  findings  emphasize  the  tremendous  prac her i  .mp- 
tance  of  an  understanding  of  the  specificity  of  choline  and  its  biological 

anScaiSapplica.ions  of  choline  are  currently  extensive  £ 

liver  fatty  livers,  certain  anemias,  and  infectious  hepati  ). 

HSi  application  in  «.  “  f  S 

of  patients  studied  over  a  period  of  y  ’  due  tQ  this  afflic. 

" — -rk  simiiar  to  ,hat 
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of  Monson  and  Dennis  (1949)  who  found  that  choline  chloride  adminis¬ 
tered  intravenously  to  dogs  in  which  fat  embolism  had  been  produce 
experimentally  reduced  the  number  and  size  of  the  fat  globules  in  blood 


and  urine.  ,  ,  , 

While  for  some  time  choline  has  been  used  in  the  treatment  of  alco  o  1 

cirrhosis,  it  is  only  with  the  work  of  Best  et  al.  (1949)  that  the  basis  for 
this  application  has  been  established.  They  report  that  adequate  choline 
prevents  liver  damage  caused  by  ethyl  alcohol  and  emphasize  that  alcohol 

is  not  toxic  per  se.  . 

Putrefying  bacteria  produce  neurine  from  choline.  This  chemical  is  a 

violent  poison  and  occurs  among  the  putrefactive  decomposition  products 
of  meat  and  fish.  While  it  is  not  established,  one  would  strongly  suspect 
neurine  of  being  an  exceptionally  effective  antagonist  of  choline. 

Choline  is  a  growth  factor  for  certain  strains  of  pneumococci  (Rane  and 
Subbarow,  1940;  Badger,  1944).  Badger  studied  the  effect  of  various 
choline  derivatives  in  this  testing  system  and  found  the  following  com¬ 
pounds  active:  ethanolamine,  triethylcholine,  dimethylaminoethanol,  di- 
ethylaminoethanol,  and  diethylaminopropanol.  The  inactive  compounds 
were  ethylenediamine  and  glycine.  She  concluded  that  transmethylation  was 
not  the  function  associated  with  the  choline  growth  promoting  effect  and 
proposed  phospholipid  formation  as  being  of  prime  importance. 

The  mycological  significance  of  transmethylation  is  indicated  by  the  con¬ 
version  of  arsenic  compounds  to  trimethylarsine  (Challenger,  1945)  by 
some  14  strains  of  Aspergillus  sydowi.  It  is  probable  that  similar  processes 
are  involved  in  the  elimination  of  selenium  as  the  dimethyl  selenide  in  the 
animal  and  in  man  (Challenger,  1945). 


Specificity  of  and  Biological  Antagonists  for  Choline 

One  of  the  most  striking  features  of  the  consideration  of  choline  and 
biological  antagonism  is  the  number  of  molecules  which  would  naturally 
be  regarded  as  antagonists  and  actually  are  replacers  of  the  molecule.  The 
structural  specificity  characteristics  of  the  lecithin  phospholipid  molecule 
essential  to  the  prevention  of  fatty  livers  and  renal  hemorrhages  are  ap¬ 
parently  slight. 

In  1936,  Mawson  and  Welch  undertook  study  of  the  problem  of  whether 
or  not  compounds  related  to  choline  but  without  the  hydroxyl  group  would 
possess  lipotropic  power.  In  one  experiment,  using  trimethylammonium 
chloride,  they  found  the  average  fatty  acid  content  of  the  liver  to  be  24.3 
per  cent,  the  controls  showed  a  value  of  16.7  per  cent  and  those  treated 
with  choline  5.2  per  cent.  This  would  indicate  that  the  trimethylammonium 
chloride  actually  antagonized  choline  and  made  the  fatty  liver  state  worse. 
In  this  same  study,  these  investigators  tried  trimethylethyl-,  tetramethyl- 
and  tnmethylphenylammonium  chlorides  and  found  that  all  were  extremely 
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toxic.  It  is  possible  that  the  toxicity  was  a  reflection  of  choline  antagonism. 
In  any  event,  the  compounds  could  not  be  tested  for  lipotropic  power. 

Arsenocholine 

The  arsenic  analogue  of  choline,  arsenocholine,  would  seem  to  offer 
excellent  probabilities  as  an  antagonist  of  choline  and  yet  it  is  a  lipotropic 
factor  (Welch  and  Welch,  1938)  which  is  incorporated  into  lecithin 
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Fig.  1.  Choline  and  related  molecules. 
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(Welch.  1936;  Welch  and  Landau,  1942)  by  the  rat  and  the  mow.  Re- 
ccntlv  Welch  (1950)  has  reported  the  marked  renal  protective  ac  to 
arsenochohne.  It  is  therefore  apparent  that  arsenocholme  w, II  replace 
choline  for  those  functions  requiring  the  intact  choline  molecule  <e.g„ 
lipotropism  and  renal  protective  function)  but  cannot  function  in  trans- 
methylation  (Moyer  and  duVigneaud,  1942). 


Triethylcholine 

In  triethylcholine,  we  have  a  molecule  incapable  of  supplying  labile 
methyl  (Moyer  and  duVigneaud,  1942)  but  exerting  a  lipotropic  effect 
(Channon  and  Smith,  1936;  Channon  et  al.,  1937a),  a  reflection  of  its  in¬ 
corporation  into  phospholipids  (McArthur  et  al.,  1947).  It  is  capable  ot 
preventing  renal  hemorrhages  (Welch,  1950).  It  remained  for  Keston  and 
Words  (1946)  to  point  out  the  antagonistic  action  of  choline  and  its  triethyl 
analogue.  They  assumed  that  the  toxicity  of  triethylcholine  causing  as  it 
does  symptoms  of  muscular  weakness,  apparent  exophthalmos,  convulsion, 
and  death  (Hunt  and  Taveau,  1909-10),  was  due  to  competition  with 
choline  in  an  essential  biological  system.  To  check  this  hypothesis,  they  at¬ 
tempted  to  prevent  the  toxicity  of  triethylcholine  by  simultaneous  adminis¬ 
tration  of  choline  and  met  with  success.  As  an  example,  mice  given  1.75 
mg.  of  the  analogue  showed  92  per  cent  mortality,  whereas  if  an  equivalent 
amount  of  choline  was  given  with  the  analogue  the  mortality  rate  was  only 
7  per  cent.  The  interpretation  placed  upon  their  findings  was  to  the 
effect  that  the  analogue  prevented  acetylcholine  formation.  This  assumption 
was  based  on  the  finding  that  triethylcholine  blocked  the  action  of  choline 
on  isolated  muscle  and  showed  no  antagonism  for  acetylcholine. 

Another  demonstration  of  the  antagonism  of  triethylcholine  and  choline 
has  been  presented  by  Stekol  and  Weiss  (1950)  who  found  that  the  inhibi¬ 
tion  of  growth  of  rats  caused  by  the  analogue  could  be  reversed  either  by 
choline  or  by  methionine. 

This  represents  a  situation  in  which  a  compound  can  replace  a  natural 
metabolite  in  some  of  its  functions  and  block  it  in  others.  The  probability 
is  that  triethylcholine  blocks  choline  in  those  functions  involving  trans¬ 
methylation  and  replaces  it  in  those  requiring  the  intact  choline  molecule. 
The  demonstration  by  Keston  and  Wortis  (1946)  of  the  pharmacological 
antagonism  of  choline  and  its  triethyl  analogue,  combined  with  the  absence 
of  this  interaction  with  acetylcholine,  does  not  prove  any  decreased  syn¬ 
thesis  of  acetylcholine.  While  this  may  be  a  factor,  it  is  a  system  involving 
the  intact  choline  molecule  and  we  have  other  examples  of  the  mutual 
replaceability  of  choline  and  this  analogue  in  metabolic  systems  such  as 
those  of  lipotropism  and  renal  protection.  The  more  logical  concept  is  that 
of  Stekol  and  Weiss  (1950)  who  proposed  the  formation  by  transethylation 
of  ethyl  analogues  of  metabolites  which  would  be  toxic. 
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Analogues  and  Homologues  of  Choline  as  Replacers  and  as  Antagonists 
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Dimethylpropiothetin  +  +  +  +  Maw  &  duVigneaud,  1948a 


346 


Metabolite  Analogues  of  Choline,  Inositol,  and  Vitamin  Bi2 


The  theory  of  transethylation  receives  much  support  from  demonstra¬ 
tions  of  the  lipotropic  action  of  ethionine  (Hardwick  and  Winzler,  1948). 
This  action  could  only  be  via  the  formation  of  ethanolamine  and  subse¬ 
quently  ethyl  analogues  of  choline  which  are  known  lipotropic  agents. 
Ethionine  has  no  methyl  groups. 


Sulfocholine 


Sulfocholine  has  been  found  to  possess  the  capacity  for  lipotropism  and 
renal  protection  but  not  for  the  support  of  growth  or  transmethylation  in 
the  rat  (Maw  and  duVigneaud,  1948).  The  compound  is  toxic  at  levels 
above  0.2  per  cent  in  the  diet.  The  manifestations  of  toxicity,  while  not 
characteristic  of  true  choline  deficiency,  might  have  been  associated  with 
choline  antagonism  but  were  not  alleviated  by  choline  and  therefore  this 
potentiality  can  probably  be  dismissed.  In  vitro,  sulfocholine  is  apparently 
capable  of  supplying  labile  methyl  for  the  transmethylation  of  homocysteine 
(Dubnoff,  1949).  The  difference  between  the  in  vitro  and  in  vivo  results 
may  be  attributed  to  the  toxicity  of  sulfocholine  for  the  rat. 

In  general,  the  establishment  by  Dubnoff  (1949)  that  methyl  donation 
must  follow  oxidation  of  the  alcohol  group  in  choline  to  a  carboxyl  is  con¬ 


firmed  by  the  observation  that  choline,  betaine,  dimethylthetin,  and  dimeth- 
yl-/3-propriothetin  all  form  carbon  dioxide  under  the  metabolic  systems 
involved  in  transmethylation  (Ferger  and  duVigneaud,  1950).  This  sug¬ 
gests  that  susceptibility  of  the  molecular  unit  to  oxidation  is  the  essential 
prerequisite  for  transmethylation.  Further,  it  emphasizes  the  importance  of 
pteroylglutamic  acid  and  its  antagonists  inasmuch  as  this  vitamin  functions 
in  the  choline  oxidase  enzyme  system  as  a  constituent  of  the  prosthetic 
group  (Dinning  et  al.,  1949).  Aminopterin  is  a  specific  inhibitor  of  this 

enzyme  system. 

It  is  considered  probable  that  choline  formation  results  from  the  trans- 
methylation  of  aminoethanol  in  the  body,  and  it  is  therefore  of  interest  to 
consider  antagonists  of  aminoethanol  as  part  of  the  story  of  choline  dis¬ 
placers.  To  date,  the  report  of  Wilson  and  duVigneaud  (1948)  indicating 
the  possible  antagonism  of  L-penicillamine  and  aminoethanol  is  e  y 
one  in  this  category.  Having  observed  the  growth  inhib.t.ngeffecofpenil- 
lamine  they  attempted  to  counteract  the  toxicity  through  the  use  of  sulfur 
aTino  acids  and  met  with  no  success.  Later,  choline,  dnnethylarn, noethanol, 
and  monomethylaminoethanol  were  found  effective  antagonists.  Fin  lly, 
aminoethanol  itself  was  found  even  more  potent  than  choline  T  e 
gators  suggest  that  penicillamine  exerts  its  toxic  action  by  blocking 


Inositol 

inhibition  seems  to  depend  upon  the  structural  similarity  of  the  ethyleni- 
monium  derivatives  to  choline  and  its  parasympathomimetic  ester. 


Inositol 

OH  H 


Inositol,  General  Aspects 

The  inositols  are  a  group  of  higher  substituted  cyclohexane  derivatives 
in  which  each  ring  carbon  carries  one  hydrogen  and  one  hydroxyl.  Spe¬ 
cifically,  they  are  designated  as  1 ,2,3,4,5,6-hexahydroxycyclohexanes.  There 
are  nine  possible  isomers  and  three  of  these,  the  d-,  1-,  and  meso-forms,  are 
of  prime  concern.  In  the  formulas  given  below,  the  lines  represent  hydroxyl 
radicals. 


I-Inositol  Meso-Inositol 


d-Inositol 


These  compounds  occur  in  nature  in  the  free  form,  as  the  methyl  ethers, 
the  phosphoric  esters,  and  finally  in  complex  units  such  as  phospholipids. 
Phytin  is  the  most  abundant  form  and  can  be  designated  chemically  as  the 
hydrogen,  calcium,  magnesium  salt  of  inositolhexaphosphoric  acid. 

In  1928,  Eastcott  identified  bios  1  as  inactive  inositol  (meso-form).  Sub¬ 
sequently,  it  has  been  found  that  several  types  of  fungi  (Kogl  and  Fries, 
1937;  Robbins  et  al.,  1942;  Lochhead  and  Landerkin,  1942),  and  certain 
mutants  of  Neurospora  (Beadle,  1944)  require  this  factor.  It  is  important 
to  note  that  inositol  has  not  yet  been  established  as  a  general  growth  factor 
for  bacteria  but  it  does  have  the  power  to  stimulate  the  growth  of  the 
tubercle  bacillus  (Uyei,  1930).  Further,  the  phospholipids  of  the  tubercle 
bacillus  contain  this  factor  (Anderson,  1930).  With  yeast,  meso-inositol  is 
fairly  specific.  Methyl  inositol,  mytilitol,  is  the  only  other  active  form 

t0  °X,dlZe  in°Sito1  t0  the  monoketo  form,  inosose,  and 
is  not  k  ^  dlkCt0  StaS6'  THe  S,gnificance  of  this  metabolic  transformation 
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The  second  important  development  in  knowledge  of  inositol  as  a  vitamin 
came  with  the  announcement  of  Woolley  (1940,  1941 )  that  this  compound 
was  a  dietary  essential  for  the  mouse.  Loss  of  hair  and  retardation  of  growth 
characterized  the  deficiency.  Later,  Woolley  (1941a)  studied  the  biological 
specificity  of  inositol  and  found  d-inositol,  1-inositol,  pinitol,  quebrachitol, 
and  quercitol  inactive.  Inositol  hexacetate,  phytin,  and  soybean  cephalin 
were  effective.  Mytilitol  possessed  some  potency.  The  difference  therefore 
from  yeast  lay  in  the  activity  in  the  mouse  of  inositol  esters.  Inositol  is  not 
only  a  mouse  antialopecia  factor;  it  also  functions  in  this  or  similar  capacity 
in  the  rat,  guinea  pig,  pig,  dog,  chicken,  and  probably  other  species. 

The  demonstration  of  the  lipotropic  power  of  inositol  (Gavin  et  al., 
1941,  1943)  was  another  milestone  in  our  understanding  of  this  vitamin. 
The  first  work  was  with  the  biotin  type  of  fatty  liver.  The  second  was  with 
depancreatized  dogs  and  here  again  a  lipotropic  power  was  found  with 
inositol  (Owens  et  ah,  1942).  Other  types  of  fatty  liver  experiments  have 
established  the  activity  of  inositol  as  a  lipotropic  substance  and  the  inde¬ 
pendence  of  this  action  from  that  of  choline. 

The  mechanism  of  action  of  inositol  is  unknown  although  it  may  be  via 


phospholipid  formation  as  with  choline.  Folch  and  Woolley  (1942)  have 
found  inositol  as  a  component  of  animal  tissues,  primarily  in  brain  cephalin. 
Following  extension  of  these  studies,  Folch  (1949)  identified  the  phos¬ 
pholipid  as  diphosphoinositide,  with  inositol  metadiphosphate  as  one  com¬ 
ponent. 

The  work  of  Blewett  et  al.  (1949)  does  not  support  the  contention  that 
inositol  exerts  its  lipotropic  action  through  its  involvement  in  phospholipid 
metabolism.  These  investigators  found  that  the  injection  of  inositol  with 
oleic  acid  reduced  the  rate  at  which  phosphorus  was  incorporated  into 

P  A s  with  bacteria,  so  in  the  animal  the  details  of  the  metabolic  fate  of 
inositol  are  not  known.  A  certain  fraction  is  converted  into  glucose  (Stetten 

anChrdcaffy, inositol  in  the  form  of  an  ether  with  tocopherol  has  been  indi¬ 
cated  as  the  defective  factor  in  muscular  dystrophy  (Milhorat  and  Bartels 
1945)  In  some  ways,  this  clinical  finding  is  supported  by  the  report 
Dam  (1944)  who  found  that  inositol  is  preventive  of  the  enceph^omalacia 
and  exudative  diathesis  normally  seen  in  chicks  on  vitamin-  e  cien 
The  1  potrop  c  power  of  inositol  has  been  utilized  clinically  »  many  way, 
Ibels  and  his  associates  (1943)  used  it  to  reduce  fatty  the 

liver  of  patients  with  gastrointestmanract  can^rs  ga,  ^  q{ 

nlied  in  dermatology  (Gross  and  Kesten,  •  igao'i 

diabetes  me.litus  (Felch  and  Dotti,  1950;  Pomeranze  and  Lev.ne,  .949), 

and  of  coronary  arteriosclerosis  (Morrison  et  al.,  194  ). 
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Inositol  and  Biological  Antagonism 

The  experiments  of  Cunha  et  al.  (1943)  may  have  an  interpretation  in 
antagonism.  They  found  that  rats  fed  on  a  diet  of  corn,  soybean  meal,  salts, 
and  alfalfa  showed  poor  growth  and  developed  an  alopecia.  The  syndrome 
was  corrected  by  inositol.  A  diet  of  this  type  would  contain  phytin  and  the 
inositol  containing  phosphatide  of  soybeans,  hence  an  inositol  deficiency 
could  not  be  responsible;  nor  could  a  lack  of  availability  be  the  issue,  as 
Woolley  (1941)  has  demonstrated  that  both  of  these  substances  are  utilized 

by  the  mouse. 

The  y-isomer  of  hexachlorocyclohexane  was  identified  by  Slade  (1945) 
as  the  form  responsible  for  the  insecticidal  action  of  these  molecules.  In 
this  same  article,  the  structural  similarity  of  this  isomer  and  meso-inositol 
was  indicated.  A  biological  interrelationship  of  meso-inositol  and  y-hexa- 
chlorocyclohexane  was  first  reported  by  Kirkwood  and  Phillips  (1946). 
They  were  able  to  reverse  the  growth  inhibiting  effect  of  the  y-isomer  by 


OH  OH 


y-Hexachlorocyclohexane 


h2n  nh 

\  / 

c 

I 

NH 


Streptidine 

( 1 :3-diguanidino-2:4:5:6-tetrahydroxycyclohexane) 

Fig.  2.  Inositol  and  related  molecules. 
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the  use  of  meso-inositol.  The  other  isomeric  forms  of  hexachlorocyclo- 
hexane  were  inhibitory  in  some  degree  to  the  growth  of  the  test  organism, 
Saccharomyces  cerevisiae,  but  this  effect  was  not  reversed  by  inositol.  The 
inhibitor/metabolite  ratio  for  the  y-hexachlorocyclohexane  and  meso-inositol 
was  approximately  30.  The  findings  of  Buston  et  al.  (1946)  with  fungi 
represent  a  confirmation  and  extension  of  the  observations  of  Kirkwood  and 
Phillips. 

Additional  work  substantiating  the  position  of  Kirkwood  and  Phillips 
came  from  Schopfer  et  al.  (1947)  and  Chargaff  et  al.  (1948).  The  Schopfer 
group  studied  a  series  of  microorganisms  and  in  many  instances  found  a 
specific  antagonistic  relationship  between  meso-inositol  and  y-hexachloro¬ 
cyclohexane.  As  an  example,  when  Eromothecium  ashbyii  was  the  test 
organism  5  fig  of  inositol  was  inhibited  by  800  fig  of  the  gamma  isomer. 
While  inosose  acted  in  a  manner  similar  to  meso-inositol,  none  of  the  other 
compounds  (1-inositol,  scyllitol,  and  N-acetylisomytilitol)  tested  were 
effective.  The  criterion  used  for  inhibition  or  reversal  in  these  studies  was 
flavinogenesis;  if  inhibition  occurred,  the  culture  medium  underwent  a  com¬ 
plete  decolorization.  With  those  organisms  capable  of  synthesizing  inositol, 
the  hexachlorocyclohexane  had  only  a  slight  effect  or  was  inactive. 

The  work  of  Chargaff  et  al.  (1948)  demonstrated  the  reversal  by  meso- 
inositol  of  the  mitotic  poisoning  caused  by  y-hexachlorocyclohexane.  The 
poisoning  brought  about  by  the  y-isomer  causes  the  arrest  of  nuclear  divi¬ 
sion  in  the  metaphase  and  may  result  in  the  formation  of  c-tumors.  Other 
isomeric  hexachlorocyclohexanes  are  essentially  ineffective.  Similarly,  the 
action  of  meso-inositol  was  not  paralleled  by  d-inositol,  D-sorbose,  and 
similar  agents.  The  testing  system  for  these  experiments  was  the  onion, 
Allium  cepa. 

Negative  results  have  appeared  indicating  the  absence  of  any  antagonism 
between  meso-inositol  and  y-hexachlorocyclohexane.  These  studies  have 
involved  as  test  systems:  bacteria  (Fromageot  and  Confino,  1948),  Tetra- 
hymena  geleii  (Chaix  et  al.,  1948),  the  eggs  of  the  sea  urchin  (Chaix  and 
Lacroix  1948)  and  also  fish,  mammals,  and  molds  (Chaix,  1948).  In  the 
bacterial  systems,  growth  inhibition  was  the  criterion;  in  the  studies  with 
sea  urchin  eggs,  cell  division  after  fertilization  was  observed.  Decision  as  to 
lack  of  interaction  was  based  upon  the  failure  of  inositol  to  counteract  in 
concentration  four  times  greater  than  that  of  the  hexachlorocyclohexane. 
Whether  or  not  this  ratio  is  adequate  to  establish  the  absence  of  any  c  - 
relation  remains  a  question,  but  it  must  be  held  in  mind  that  in  many 
instances  ten  or  more  times  as  much  of  the  nutnhte  is  require 

tralization  of  the  inhibitor.  e„i„w*r  an H  Bein 

Additional  negative  findings  have  been  reported  b? /chop  er  and  Bern 

(1948)  Thorp  and  deMeillon  ( 1 947 ),  and  by  Doisy  and  Bocklage  (  )  • 

The  latter  group  found  y-hexachlorocyclohexane  toxic  to  rats  but  were 
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other  in  a  given  test  system. 

The  first  indication  of  a  possible  role  of  inositol  in  enzyme  systems  came 
with  the  observation  of  Williams  et  al.  (1944)  that  highly  purified  pan¬ 
creatic  amylase  contained  large  amounts  of  inositol.  Fro™  this  lead,  Lane 
and  Williams  (1948)  proceeded  to  attempt  the  inhibition  of  amylase  by 
y-hexachlorocyclohexane.  Their  efforts  met  with  success  and  in  addition  the 
inhibition  was  competitively  prevented  by  inositol.  The  inhibitor-metabolite 
ratio  was  50.  They  concluded  that  inositol  was  an  active  constituent  of 
a-amylase  but  not  of  /3-amylase.  Subsequently,  Fischer  and  Bemfield 
(1949)  presented  evidence  indicating  that  a-amylase  of  hog  pancreas  and 
human  saliva  was  not  inhibited  by  y-hexachlorocyclohexane  and  further 
that  the  enzyme  does  not  contain  inositol.  It  is  impossible  for  the  present 
to  reconcile  these  diametrically  opposed  findings. 

Pharmacologically,  both  the  delta  and  beta  isomers  of  hexachlorocyclo- 
hexane  antagonize  the  central  effects  of  the  gamma  form  (McNamara  and 
Krop,  1948).  The  barbiturates  are  even  more  effective  for  the  protection 
of  rabbits  and  dogs  against  the  acute  toxicity  of  y-hexachlorocyclohexane. 
These  same  investigators  (McNamara  and  Krop,  1948a)  point  out  that  the 
effect  of  the  gamma  form  is  stimulation  of  the  central  nervous  system  while 
that  of  the  beta  and  delta  forms  is  depression.  Subsequently,  they  (Mc¬ 
Namara  and  Krop,  1949)  studied  the  effect  of  these  compounds  on  the 
oxygen  uptake  of  brain.  The  delta  form  caused  an  increase  of  80  per  cent. 
The  pharmacological  antagonist,  the  gamma  form,  did  not  modify  this 
effect. 

The  elucidation  of  the  structure  of  streptomycin  has  led  to  the  finding 
that  it  can  be  split  into  two  components,  streptidine  and  streptobiosamine. 
Streptidine  has  been  identified  as  1 :3-diguanidino-2:4:5:6-tetrahydroxycy- 
clohexane  which  is  related  to  inositol  (Carter  et  al.,  1946;  Peck  et  al., 
1946;  Fried  et  al.,  1946).  Further,  it  has  been  pointed  out  that  this  mole¬ 
cule  breaks  down  into  a  metadiamino-inositol  (Anon.,  1947).  With  these 
aspects  of  structural  relationship  in  mind,  it  is  particularly  interesting  to 
find  that  lipositol,  the  inositol  containing  soybean  phospholipid,  suppressed 
the  antibacterial  activity  of  streptomycin  (Rhymer  et  al.,  1947). 
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Vitamin  Bv>,  General 

Following  its  discovery  in  1948,  vitamin  B12  has  been  subjected  to 
extensive  clinical  and  laboratory  study.  The  cobalt  complex  form  of  this 
factor  (Rickes  et  al.,  1948)  is  a  unique  characteristic.  No  other  vitamin  is 
known  to  contain  a  metal  in  a  chelated  or  other  form.  It  may  well  be  that 
in  this  instance  the  complex  is  a  coenzyme.  The  metal-containing  nature 
of  B12  is  of  special  interest  from  the  standpoint  of  biological  antagonism  as 
it  raises  the  prospect  of  inorganic  ion  antagonists  of  the  factor.  Further, 
chelating  agents  might  well  function  in  the  same  manner.  It  should  be  noted 
that  phosphorus  in  the  molecule  is  apparently  present  in  the  form  of  phos¬ 
phate. 

Studies  of  the  degradation  products  of  vitamin  Bi2  led  to  the  identifica¬ 
tion  of  5,6-dimethylbenzimidazole  (Brink  and  Folkers,  1949)  and  1-a-D- 
ribofuranosido-5,6-dimethylbenzimidazole  (Brink  et  al.,  1950).  In  addition 
to  vitamin  B12,  other  forms  of  the  factor  have  been  identified:  the  hydro¬ 
genation  product  called  B12a  and  the  chromatographically  distinct,  naturally 
occurring  B12b. 

This  factor  is  required  by  many  bacteria  and  its  assay  to  date  has  been 
microbiological.  With  certain  bacteria  and  under  specified  experimental 
conditions,  requirements  for  vitamin  B12  are  met  equally  by  ascorbic  acid 
(Shive  et  al.,  1948).  This  is  apparently  associated  with  oxidation-reduction 
potential  as  not  only  ascorbic  acid  but  also  such  molecules  as  glucoascorbic 
acid,  thioglycollic  acid,  glutathione,  etc.,  are  equally  effective  (Welch  and 
Wilson,  1949).  It  is  further  true  that  thymidine  and  an  entire  series  of 
desoxyribosides  have  the  capacity  for  replacing  vitamin  B:2  in  the  nutrition 
of  bacteria  (Shive  et  al.,  1948;  Kitay  et  al.,  1949,  1950). 

In  animal  nutrition  studies,  vitamin  B12  requirements  have  been  estab¬ 
lished  for  mice,  rats,  poultry,  and  pigs.  Unusual  in  this  factor  is  its  power 
to  reduce  the  amount  of  choline  necessary  to  prevent  hemorrhagic  kidneys 
rats  and  to  permit  growth  in  chicks  (Schaefer  et  al.,  1949).  The  impres- 
has  been  created  by  this  and  similar  studies  that  both  this  nut  nine 
and  folic  acid  improve  the  processes  of  transmethylation  and  probably 
activate  the  methionine  forming  system  (Oginsky,  1950).  Another  func- 
tTon  of  (he  factor  is  associated  with  its  abi.ity  to  enhance  the  utilization  of 
circulating  amino  acids  for  the  formation  of  fixed  tissues  (Charhey  al., 

wfMfdTnpirCLuecTe'efat,  1950)  ^nd  l  similar  action  of  aureomycin 
m  (including  the  neurological 
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manifestations);  however,  the  role  of  the  intrinsic  factor  is  not  yet  clean 
Patients  treated  with  B12  alone  without  effect  have  subsequently  responded 
to  the  treatment  when  a  source  of  the  extrinsic  factor  was  given  (Berk  et 
ai.,  1948).  The  proposal  has  been  made  by  Ternberg  and  Eakin  (19  9) 
that  the  intrinsic  factor  is  a  protein  which  combines  with  the  vitamin  to 
form  a  complex,  apoerythein.  This  combination  is  either  more  readily 

absorbed  or  tends  to  protect  the  vitamin  Bi2. 

Thymidine  seems  to  exert  a  slight  beneficial  effect  in  pernicious  anemia 
patients  when  given  alone  or  in  combination  with  the  vitamin  (Reisner  and 
West,  1949). 

In  addition  to  pernicious  anemia,  this  factor  is  also  effective  in  mega¬ 
loblastic  anemia  of  infancy,  nutritional  macrocytic  anemia,  sprue,  and 
nutritional  glossitis.  Whether  or  not  vitamin  Bl2  is  an  active  growth  pro¬ 
moter  in  infants  and  children  remains  undecided. 

The  probability  that  folic  acid  and  vitamin  B,2  play  a  joint  role  in  blood 
cell  production  is  indicated  by  the  ability  of  folic  acid  to  elicit  a  response 
in  certain  patients  with  pernicious  anemia  of  pregnancy  who  failed  to  re¬ 
spond  to  B12  (Bethell  et  ah,  1948;  Day  et  ah,  1949).  Another  line  of  evi¬ 
dence  supporting  the  contention  that  the  two  factors  are  interrelated  is  the 
demonstration  that  folic  acid  antagonists  prevent  the  action  of  liver  or 
vitamin  B12  in  the  patient  with  megaloblastic  anemia  (Bethell  et  ah,  1948; 
Meyer  et  ah,  1949).  It  can  be  asserted  that  vitamin  B12  is  concerned  in  the 
liberation  of  folic  acid  from  various  conjugates  of  this  factor. 


Vitamin  B12  and  Biological  Antagonisms 


It  seems  certain  that  ion  antagonism  will  be  demonstrated  for  some  of 
the  functions  of  vitamin  B,2  as  an  intact  molecular  unit  and  that  similar 
reactions  will  be  involved  in  the  biosynthesis  of  this  factor.  Ion  antagonisms 
will  doubtless  block  only  a  portion  of  the  activities  of  the  molecule,  and 
these  will  be  of  an  oxidative-reductive  nature. 


An  indirect  antagonism  is  manifested  by  vitamin  Bi2  for  the  sulfonamides 
as  demonstrated  in  the  experiments  of  Shive  (1950)  wherein  the  amount 
of  p-aminobenzoic  acid  required  to  counteract  the  growth  inhibiting  power 
of  a  sulfonamide  on  Escherichia  coli  is  reduced  by  two-thirds.  This  occurs 
in  each  of  those  systems  blocked  by  sulfonamides  which  lead  to  the  forma¬ 
tion  of  methionine,  serine,  purines,  and  folic  acid.  The  interpretation  placed 
upon  this  work  was  that  vitamin  B12  acts  as  a  catalyst  for  the  utilization  of 
p-aminobenzoic  acid. 

Another  line  of  evidence  precipitating  vitamin  B12  into  the  sphere  of 
chemotherapy  has  been  presented  by  Ershoff  (1950)  who  reports  the 
counteraction  by  this  vitamin  of  the  growth  inhibiting  properties  of  atabrine 
A  liver  preparation  employed  in  these  studies  was  more  powerful  than  B,o 
in  reversing  the  atabrine  growth  effect.  This  led  Ershoff  to  propose  addi- 
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CH.OH 


l-a-D-Ribofuranosido-5,6-dimethyIbenzimidazolc 


5,6-Dimethylbenzimidazole 


CH:1 


2,5-Dimethylbenzimidazole 


l,2-Diamino-4,5-dimethylbenzene 

Fig.  3.  Compounds  related  to  vitamin  B12. 


tional  factors  of  the  B-group  in  the  liver  which  were  distinct  from  any  of 
the  known  members. 

Recently,  Emerson  et  al.  (1950)  have  studied  the  vitamin  B12  activity 
of  a  series  of  benzimidazoles.  Of  these,  5,6-dimethylbenzimidazole  and 
l,2-diamino-4,5-dimethylbenzene  had  vitamin-like  effect  in  rats  but  were 
inactive  when  tested  on  Lactobacillus  lactis  Dorner.  2,5-Dimethylbenzimi- 
dazole  showed  growth  depressant  activity  and  inhibitor  properties  under 

similar  testing  conditions. 


Comment 

In  choline,  we  have  an  example  of  an  agent  of  biochemical  importance 
with  antagonists  which  compete  only  in  the  sense  that  thcy  possi-'ss  grea 
affinity  for  labile  methyl  and  hence  antagonize  a  normal  action  o _chol  ne 
Sic  acid  and  guanidoacetic  acid  are  examples.  They  ta-J  cWn 
and  can  under  certain  conditions  cause  an  acute  deficiency  < *  "  fo 
the  purposes  of  phospholipid  synthesis.  By  acting  as  receptors  for  methy 
they  functionally^  antagonize  choline.  Biological  antagonisms* 
this  type  are  doubtless  common  and  compare  in  importance  to 

""  Sttf  iu"  ady  the  potentiality  in 
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hemorrhages.  There  would  seem  to  be  a  striking  lack  of  specificity  in  the 
structure  of  the  phospholipid  units  immediately  involved  in  fat  transfer. 

Structural  analogues  of  choline  capable  of  blocking  one  or  more  of  its 
functions  can  be  constructed  by  modifying  the  substituent  units  or  by 
change  in  the  central  nitrogen  atom  to  arsenic,  sulfur,  etc.  Inasmuch  as 
oxidation  of  the  choline  molecule  must  occur  prior  to  transmethylation,  it 
is  apparent  that  an  entire  series  of  antagonists  of  this  function  of  choline 
must  exist.  Some  of  these  are  already  known.  For  example,  folic  acid  acts  as 
a  prosthetic  grouping  for  choline  oxidase  and  therefore  folic  acid  displacers 
will  block  transmethylation  reactions.  Many  other  oxidation  inhibitors  will 
doubtless  be  found  effective  blockade  factors  for  transmethylation.  Amino- 
ethanol  is  considered  as  the  raw  material  for  the  formation  in  vivo  of 
choline.  Penicillamine  functions  as  an  antagonist  of  aminoethanol  by  pre¬ 
venting  either  its  formation  or  its  utilization.  With  choline  as  with  other  B- 
complex  factors,  we  have  antagonists  for  formation  and  for  function. 

Probability  favors  those  who  have  presented  evidence  indicating  an  an¬ 
tagonism  between  meso-inositol  and  y-hexachlorocyclohexane.  Researchers 
presenting  the  opposing  story  have  based  their  findings  on  a  failure  of  re¬ 
versal  of  the  toxicity  of  the  hexachloro-compound,  and  often  they  have  not 
used  sufficiently  high  metabolite/inhibitor  ratios.  The  isomers  of  hexa- 
chlorocyclohexane  are  virtually  the  only  other  potential  displacing  agents 
tested  against  inositol  and  they  were  found  inactive.  The  development  of 
new  antagonists  for  inositol  should  be  a  rewarding  field  and  their  design 
might  well  follow  that  of  the  streptidine  molecule. 

Within  the  next  few  years,  we  can  expect  an  avalanche  of  studies  on 
antagonists  of  vitamin  B12.  To  date,  2,5-dimethylbenzimidazole  is  the  only 
known  structural  analogue  effective  as  a  displacer.  Interrelationships  of  folic 
acid  and  B12  displacers  will  certainly  develop,  and  the  application  of  these 
agents  in  the  treatment  of  leukemias  and  possibly  of  cancer  in  general 
should  follow. 
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Chapter  1 6 


METABOLITE  ANALOGUES  OF  VITAMINS  K,  E,  A,  C, 

AND  “P” 


1.  Vitamin  K,  General  Aspects. 

2.  Metabolite  Analogues  and  Biological  Antagonists  of  Vitamin  K. 

a.  Ring  Modifications. 

b.  Substituent  Modifications. 

c.  Bishydroxycoumarin  and  Related  Molecules. 

d.  Dihydroxystearic  Acid. 

e.  Miscellaneous. 

3.  Biological  Antagonists  of  a-Tocopherol. 

4.  Biological  Antagonists  of  Vitamin  A. 

5.  Biological  Antagonists  of  Ascorbic  Acid. 

6.  Biological  Antagonists  of  Vitamins  “P.” 

Vitamin  K 

O 


R=H,  Phytyl,  Difarnesyl 

Vitamin  K,  General  Aspects 

The  story  of  vitamin  K  grew  from  the  observations  of  Dam  (1929,  1930, 
1934)  on  a  fatal  hemorrhagic  disease  in  young  chicks.  Studies  of  isolation 
and  chemical  nature  culminated  in  the  establishment  of  the  structure  of 
vitamin  K,  as  2-methyl-3-phytyl- 1 ,4-naphthoquinone  (Almquist  and I  Klose, 
1939-  Binkley  et  al„  1939;  Fieser,  1939)  and  of  vitamin  K2  as  the  cor¬ 
responding  difarnesyl  compound  (McKee  et  al.,  1939).  Va™us  syn  alc 
compounds  possess  the  activity  of  vitamin  K:  he.,  2-methyl- 1,4-naphho- 
qumone  (Ansbacher  and  Fernholz,  1939),  , ,4-dihydroxy-2-me.hy  na  h- 
thalene  and  4-amino-2-methyl-l-naphthol  (Doisy  e.  ah,  l^  Jind  the 
diohosphoric  acid  ester  of  2-methyl-l,4-naphthoquinone  (Foster  et  ah, 
19P40)Plt  is  apparent  therefore  that  with  this  factor  structural  specificity 
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Vitamin  K 


of  a  relative  degree  exists.  The  construction  of  displacing  agents  might  in¬ 
volve  ring  substitution,  ring  change,  or  a  combination  of  both. 

Normally,  the  absorption  of  the  fat-soluble  K  compounds  is  associated 
with  the  presence  in  the  intestinal  tract  of  adequate  bile.  There  are  water- 
soluble  types  of  the  factor  which  can  be  used  in  patients  without  adequate 

supplies  of  bile. 

Vitamin  K  is  probably  essential  for  the  formation  of  prothrombin  and 
without  prothrombin  there  can  be  no  thrombin  for  the  enzymatic  conversion 
of  fibrinogen  into  fibrin.  Thrombin  is  considered  to  be  a  proteolytic  enzyme, 
activated  by  calcium  ions  and  certain  thromboplastic  substances.  Chemi¬ 
cally,  it  is  a  glycoprotein  (Seegers,  1940).  Bioassays  of  K  are  usually  as¬ 
sociated  with  the  determination  of  prothrombin  times,  a  reflection  of  the 
prothrombin  level  in  the  blood.  In  all  work  with  this  factor,  the  degree  of 
intestinal  synthesis  must  be  considered.  In  the  rat,  this  is  normally  so  large 
as  to  make  the  animal  independent  of  external  supplies. 

The  biological  specificity  of  the  vitamins  K  is  not  at  all  rigid.  The  quinone 
can  be  converted  into  a  hydroquinone  or  the  corresponding  esters  and  ethers 
without  major  loss  of  activity.  The  3-position  substituent  can  be  modified 
almost  at  will  without  great  variation  in  vitamin  potency.  In  fact,  the  fate  of 
the  3-position  substituents  remains  debatable.  Some  authors  have  proposed 
that  the  real  vitamin  K  is  formed  in  the  body  following  the  breakdown  and 
subsequent  reconstitution  of  the  3-position  grouping.  It  is  not  possible  to 
substitute  the  benzene  ring  of  the  molecule  nor  can  the  2-methyl  group  be 
replaced  without  partial  or  total  loss  of  efficacy. 

The  antihemorrhagic  factor  is  synthesized  by  many  bacteria,  i.e.,  the 
colon  bacillus  synthesizes  the  vitamin  when  grown  on  a  synthetic  medium 
containing  only  glucose,  citrate,  and  asparagine  as  organic  materials  (Dam 
et  al.,  1941).  Phthiocol  (2-methyl-3-hydroxy-l, 4-naphthoquinone)  occurs 
naturally  in  the  tubercle  bacillus  and  was  the  first  pure  antihemorrhagic 
compound  known. 

The  physiological  function  of  antihemorrhagic  compounds  in  bacteria  is 
not  known.  In  one  instance,  however,  they  have  been  demonstrated  to  be 
growth  factors  (Woolley  and  McCarter,  1940).  Phthiocol  and  2-methyl- 
1, 4-naphthoquinone  were  active  with  the  Johne’s  bacillus  ( Mycobacterium 
paratuberculosis ) . 


The  antibacterial  action  of  quinones  and  specifically  of  vitamin  K 
quinones  has  been  the  subject  of  study  (Armstrong  et  al.,  1943-  Fosdick  et 
al.,  1942;  Page  and  Robinson,  1943;  Shwartzman,  1948).  It  is’  apparently 

a  functl0n  of  lheir  eduction  potentials  (Page  and  Robinson, 
1943)  but  is  associated  with  the  blockage  of  enzyme  activity  through  com¬ 
bination  with  sulfhydryl  groupings  (Colwell  and  McCall,  1945,'  1946) 
e  antibacterial  power  of  2-methyl-3-methoxy-l , 4-naphthoquinone  in 
presence  of  excesses  of  sulfhydryl-containing  compounds  indicates  the 
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limitations  of  this  concept.  The  bacteriostatic  properties  of  vitamin  K 
analogues  for  the  tubercle  bacillus  are  taken  to  indicate  the  involvement  of 
these  compounds  in  the  normal  metabolism  of  this  bacterium  (Alcalay, 
1947;  Hand,  1948). 

Vitamin  K  compounds  are  known  to  possess  the  power  to  inhibit  ( 1 ) 
anaerobic  glycolysis  of  Schistosoma  mansoni  in  vitro  (Bueding  et  al., 
1947),  (2)  cholinesterase  (Nachmansohn  and  Berman,  1946),  and  (3) 
succinic  acid  oxidase  (Ball  et  ah,  1947).  They  do  not  affect  the  activity  of 
xanthine  oxidase,  cytochrome  oxidase,  d-amino  acid  oxidase,  catalase, 
urease,  or  the  pyridine  nucleotide  systems  (Ball  et  ah,  1947;  Schopfer  and 
Grob,  1949). 

Vitamin  K  is  used  in  the  treatment  of  hypoprothrombinemia  which  may 
be  precipitated  by  therapy  with  sulfonamides  (resulting  in  lowered  intestinal 
synthesis),  failure  of  biosynthesis  of  the  vitamin  in  the  gut  due  to  absence  of 
proper  bacteria  (hemorrhagic  disease  of  newborn  infants),  or  by  lowered 
absorption  from  the  gut  (obstructive  jaundice,  sprue,  etc.).  It  is  used 
routinely  preoperatively  and  in  pregnancy. 


Metabolite  Analogues  and  Biological  Antagonists  of  Vitamin  K 

Ring  Modifications 

Mcllwain’s  efforts  have  done  much  for  the  development  of  knowledge 
in  the  entire  field  of  biological  antagonism.  In  the  sphere  of  the  vitamins 
K,  he  pioneered  with  his  work  on  iodinin,  a  di-N-oxide  of  a  dihydroxy- 
phenazine  (Mcllwain,  1943).  This  antibiotic  at  a  concentration  of  1.2-2 
X  10-°  M  caused  inhibition  of  the  growth  of  Streptococcus  hemolyticus. 
Phenazine-di-N-oxide  had  inhibitory  power  but  higher  concentrations  were 
necessary.  2-Methyl- 1,4-naphthoquinone  (2  X  10~r'  M)  and  certain  an- 
thraquinones  nullified  the  action  of  iodinin.  Alizarin  ( 1 ,2-d.hydroxy- 
anthraquinone)  was  not  an  iodinin  antagonist;  quimzann  ( 1 ,4-dihydroxy- 
anthraquinone)  was.  Again,  anthrarufin  (1,5-dihydroxyanthraquinone) 
and  chrysazin  (1,8-dihydroxyanthraquinone)  were  capable  of  reversing 
antibiotic  power  of  iodinin;  purpurin  ( 1 ,2,4-trihydroxyanthraqu.none)  and 
anthrapurpurin  (1,2,7-trihydroxyanthraquinone)  were  not.  Mcllwain  als 
used  a  preparation  of  vitamin  K,  and  found  it  capable  of  part, ally  reversmg 

‘°‘ The  reversal  of  the  action  of  iodinin  by  reducing  agents  such  as  ascorbic 
and  thicdacetic  adds,  as  seen  by  Mcllwain  was  due  to 
reactions-  but  the  effect  of  a  molecule  such  as  quimzann  could  only 
W  structural  similarities  leading  to  displacement.  It  is  to  be  ernphasaed 
hat  iodinin  is  an  antibiotic  and  that  these  agents  in  general  do“bt'e“ 
lent  specific  instances  of  biological  antagonism  and  perhaps  of  competitive 

(1943a)  explained  the  action  of  quinizarin  in  counteracting 
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iodinin  by  assuming  a  competition  for  a  common  receptor  site  on  the  af- 
fected  organism.  This  explanation  was  based  upon  the  structural  and  p 
similarity  between  the  two  compounds.  The  quinoxaline-di-N-oxides  syn¬ 
thesized  by  him  more  closely  approximate  the  structure  of  the  vitamins  , 
i.e.,  2-methyl-quinoxaline-di-N-oxide  is  isosteric  with  2-methyl-l  ,4-naph¬ 
thoquinone.  While  all  of  the  parent  bases  were  inactive,  the  corresponding 
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O 


—Cl 

—Cl 


o 


2,3-Dichloro- 1 ,4-  2-Substituted-3-hy  droxy- 

naphthoquinone  1 , 4-naphthoquinones 

Fig.  1.  Vitamin  K  derivatives. 


oxides  were  antibacterial  agents  for  Streptococcus  hemolyticus  and  Coryne- 
bacterium  diphtheriae.  In  no  instance  were  they  as  powerful  as  iodinin  but 
as  Mdlwain  points  out  there  were  no  tests  conducted  with  organisms  re¬ 
quiring  preformed  vitamins  K. 

Hand  (1948)  tested  the  effect  of  these  analogues  of  vitamin  K  on  the 
growth  of  the  tubercle  bacillus  and  found  that  the  oxides  of  the  quinoxaline 
molecules  were  inhibitory.  Iodinin  at  a  concentration  of  2  parts  per  million 
caused  inhibition  of  growth  for  a  period  of  eight  days.  No  effort  was  made 
o  reverse  this  action  by  means  of  vitamin  K  compounds  and  therefore  it 
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is  open  to  question  whether  or  not  metabolite  displacement  underlay  the 
observations. 


Substituent  Modifications 


Substituent  modifications  produce  metabolite  analogues  of  the  vitamins  K 
as  shown  by  the  work  of  Woolley  (1945)  with  2,3-dichloro-l  ,4-naphtho¬ 
quinone.  He  interpreted  the  work  of  Ter  Horst  and  Felix  (1943)  which 
demonstrated  the  marked  antifungal  action  of  the  2,3-dichloro  compound 
as  a  manifestation  of  structural  displacement,  and  subsequently  proved  that 
the  growth  inhibiting  effect  of  the  compound  for  yeast  could  be  competi¬ 
tively  reversed  by  the  vitamins  K  over  a  limited  range  of  concentrations.  A 
similar  reversal  could  not  be  demonstrated  with  bacteria,  as  2-methyl-l  ,4- 
naphthoquinone  is  toxic  for  them.  In  general,  the  yeasts  tested  by  Woolley 
were  extremely  sensitive  to  2,3-dichloro-l  ,4-naphthoquinone.  By  contrast, 
the  bacteria  tested  were  comparatively  resistant.  For  example,  0.0017  fig  per 
cc.  of  the  2,3-dichloro  compound  reduced  growth  to  50  per  cent  using 
Saccharomyces  cerevisiae  and  the  corresponding  value  for  Escherichia  coli 


was  35  fig. 

Animal  studies  with  2,3-dichloro-l  ,4-naphthoquinone  were  not  success¬ 
ful  because  the  syndrome  precipitated  was  not  associated  with  a  vitamin  K 
deficiency  nor  could  it  be  relieved  through  the  administration  of  the 
vitamins  K  (Woolley,  1945).  Another  group  of  workers  (Meunier  et  al., 
1945)  were  able  to  produce  a  hemorrhagic  state  through  the  use  of 
chlorinated  derivatives  of  the  vitamins  K.  2-Chloro-  and  3-hydroxy-2- 
chloro-1, 4-naphthoquinone  which  are  the  isomorphs  of  2-methyl- 1,4-naph¬ 
thoquinone  and  phthiocol,  were  weakly  active  as  antivitamins,  causing  a 


typical  deficiency  syndrome. 

Greater  success  in  the  induction  of  a  hemorrhagic  state  in  animals  y 
means  of  analogues  of  the  vitamins  K  rewarded  the  efforts  of  Smith  et  al. 
(1946)  and  Smith  (1947).  This  group  used  2-substituted-3-hydroxy-l,4- 
naphthoquinones  and  produced  a  typical  syndrome  associated  with  hy- 
poprothrombinemia  in  the  rat.  Four  compounds  were  studied  and  a  I  foun 
active  The  2-substituents  in  these  molecules  were  respectively.  3-cyclohexyl- 
DroDVl—  cyclohexyl-;  2-methyloctyl-;  and  3-(p-phenoxyphenyl)-propyl-. 
l  lllr al  vitamin  K,  was  more  effective  than  2-me,hyl-l  ,4-naphthoqu,- 
none  in  reversing  the  hemorrhagic  state  induced  by  the  compounds.  The 
biological  antagonism  manifested  in  these  studies  is  one  of  competitive  dis- 

"^The'chemotherapeutic  potentialities  for  the  application  of  antivitamins  K 
are  Reflected  in  the" power  of  the  2-hydroxy-l,4-na^th^umones  a  md- 
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droxynaphthoquinones  active  against  the  late  exoerythrocytic  forms  of  the 
malarial  parasite.  In  addition,  studies  have  been  reported  on  the  efficacy  of 
the  hydroxynaphthoquinones  in  the  treatment  of  cathemenum  malaria  in 
the  canary  (Gingrich  et  al„  1947).  It  is  unfortunate  that  in  these  studies  no 
attempt  was  made  to  reverse  the  chemotherapeutic  effects  by  means  of  the 
vitamins  K.  As  it  stands,  no  correlation  is  known  between  the  antimalarial 
power  and  the  antivitamin  activity  of  these  molecules. 

2-Methoxy-l, 4-naphthoquinone,  an  antibiotic  agent,  has  been  demon¬ 
strated  to  possess  antifungal  properties  (Little  et  al.,  1948)  and  to  function 
as  an  antivitamin  K  (Molho  et  al.,  1948).  They  were  able  to  reverse  the 
hemorrhagic  effect  of  the  2-methoxy  compound  by  means  of  ~-meth)  1-1 ,4- 
naphthoquinone.  4-Methoxy-l  ,2-naphthoquinone  and  2-hydroxy- 1,4-naph¬ 
thoquinone  were  inactive  as  antivitamins. 


Bishydroxycoumarin  and  Related  Molecules 

The  story  of  bishydroxycoumarin  began  to  unfold  with  the  isolation  by 
Campbell  and  Link  (1941)  of  the  substance  from  clover  which  caused  a 
hemorrhagic  disease  of  cattle.  The  material  was  soon  identified  as  3,3'- 
methylenebis(4-hydroxycoumarin)  (Stahmann  et  al.,  1941 )  and  its  quanti¬ 
tative  relationship  to  the  degree  of  hypoprothrombinemia  established  (Over¬ 
man  et  al.,  1942) . 

Later,  this  same  group  (Overman  et  al.,  1942;  Baumann  et  al.,  1943; 
Sullivan  et  al.,  1943)  reported  details  of  the  interrelationship  of  bishydroxy¬ 
coumarin,  vitamin  K,  and  ascorbic  acid.  2-Methyl- 1 ,4-naphthoquinone 
counteracted  the  hypoprothrombinemic  tendency  of  bishydroxycoumarin  in 
the  rabbit  and  this  antagonism  was  potentiated  by  ascorbic  acid.  Ascorbic 
acid  in  itself  exhibited  a  varying  effect,  counteracting  the  bishydroxy¬ 
coumarin  in  some  animals  but  not  in  others.  In  the  rat,  ascorbic  acid  was 
not  antagonistic  to  bishydroxycoumarin.  In  fact,  the  reverse  situation  held: 
namely,  that  compounds  (chloretone  and  carvone)  stimulating  the  ex¬ 
cretion  of  ascorbic  acid  tended  to  counteract  the  anticoagulant.  The  involve¬ 
ment  of  ascorbic  acid  in  the  system  was  further  demonstrated  by  observa¬ 
tions  on  scorbutic  guinea  pigs  in  which  the  effect  of  bishydroxycoumarin 
was  markedly  increased. 

Again,  the  Wisconsin  group  (Link  et  al.,  1943)  found  that  salicylic  acid 
induced  a  temporary  hypoprothrombinemia  in  rats  provided  the  animals 
were  on  a  low  K-ration.  The  hemorrhagic  effect  could  be  stopped  by  2- 
methyl-1 ,4-naphthoquinone.  Field  (1945)  confirmed  these  results  usine 
acetylsalicylic  acid.  Clinical  studies  of  a  confirmatory  nature  have  been 
published  by  Meyer  and  Howard  (1943),  Shapiro  et  al.  (1943),  and  Rapo- 
port  et  al.  (1943).  Later,  Meunier  et  al.  (1947)  studied  a  series  of  com¬ 
pounds  related  to  salicylic  acid  and  found  that  5-chlorosalicylic  3  5- 
dichlorosalicylic,  2-hydroxy-3,5-dichloroacetophenone,  2-hvdroxy-a’a  3*5 
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Fig.  2.  Bishydroxycoumarin  and  related  molecules, 
tetrachloroacetophenone,  and  2-hydroxy-5-methyl-a-chloroacetophenone 

were  effective  in  causing  a  marked  decrease  in  prothrombin  blood  levels  in 
rabbits.  2-Hydroxy-5-methyl-  and  2-hydroxy-4,5-dimethylacetophenone 

were  inactive.  All  of  the  active  compounds  were  less  effective  than  -c  o 
4-hydroxycoumarin .  The  substitution  of  chlorine  in  the  benzene  rntg  o 
salicylic  acid  greatly  increased  the  hypoprothrombinemic  power 

m0IneCm4  Overman  and  his  associates  published  an  extensive  study  of  the 
relationship  of  structure  to  ant, coagulant  activity  in  the  4-hydroxycoumann 
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group.  Some  phases  of  their  work  paralleled  tnat  of  Jansen  and  Jensen 

(1942),  Lehmann  (1943),  and  Fantl  (1943). 

The  first  group  of  molecules  studied  was  a  bis-4-hydroxycoumarm  series 
in  which  one  hydrogen  atom  on  the  methylene  bridge  grouping  is  sub¬ 
stituted  by  an  alkyl  or  aryl  moiety  (Fig.  3,  No.  1).  They  made  some  18 
members  of  this  series  and  found  bishydroxycoumarin  itself  to  be  the  most 
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Fig.  3.  Bishydroxycoumarin  and  related  molecules. 
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powerful.  In  general,  as  the  size  of  the  substituent  increased  the  anti¬ 
coagulant  power  decreased.  For  example,  the  insertion  of  a  phenyl  group 
decreased  the  efficacy  to  y3 00  that  of  bishydroxycoumarin. 

Very  complex  units  produced  by  joining  the  methylene  groups  of  two 
bis-4-hydroxycoumarin  molecules  through  a  four  carbon  atom  bridge  (Fig. 
3,  No.  2)  retained  anticoagulant  power  but  only  about  1/1000.  It  was  also 
possible  to  substitute  a  sulfur  atom  for  the  methylene  group  of  bishydroxy¬ 
coumarin  and  obtain  a  molecule  (Fig.  3,  No.  3)  with  hemorrhagic  prop¬ 


erties. 

Still  another  series  under  test  was  the  3-substituted-4-hydroxycoumarins 
(Fig.  2).  Bishydroxycoumarin  is  in  fact  a  member  of  this  series  with  the  3- 
substituent  being  another  4-hydroxycoumarin  residue.  They  made  24  of 
these  molecules  and  the  most  powerful  member  was  3-(a-(p-methoxy- 
phenyl ) -/?-acetylethyl) -4-hydroxycoumarin  (Fig.  3,  No.  4),  which  was 
about  one-half  as  strong  as  bishydroxycoumarin.  By  contrast,  the  related 
molecule,  3-(a-methyl-/?-acetylethyl)-4-hydroxycoumarin  (Fig.  2),  was 
only  y100  as  powerful  as  bishydroxycoumarin. 

In  the  group  of  esters,  ethers,  and  acetals  of  4-hydroxycoumarins,  the 
esters  and&ethers  generally  show  materially  reduced  potency  but  there  were 
some  acetals  comparable  in  potency  to  bishydroxycoumarin  itself,  i.e.,  t  e 
cyclic  acetal  of  3-(a-phenyl-j8-acetylethyl)-4-hydroxycoumarm  (Fig.  4,  No. 
D  being  %  as  active  as  bishydroxycoumarin,  and  considerably  more 
powerful  than  the  related  straight  chain  molecule. 

Any  substitution  in  the  benzene  ring  resulted  in  mactivaOon  of  *e  mo1^ 
cule.  This  fact  as  pointed  out  by  Overman  et  al.  (1944)  correlated  wi 
the  effect  of  analogous  substituents  into  the  antihemorrhagtc  compound  2- 
methyl-1. 4-naphthoquinone,  with  resultant  activity  loss  (Fieser  et 
1941)  This  relation  strongly  supports  the  displacement  concep 

?itSS33£»K«=i 

(,944)  aS°/*l/'e/^/^'^e°[1yi^n^bisn.(ethylbenzoylacetate)  (Fig.  4.  No. 

^’dr  "bishydroxycoumarin  only  in  that  the  lactone  oxygen  ring  ,s 
detached  from  the  benzene  rmgs  and  esten mi  require. 

Overman  et  al.  (1944)  conciuue  u  intact  4-hydroxy- 

ments  for  by  a  hydrogen  atom  or  a 

-  high 

u"  mlative  to  the  4-hydroxyl  radical. 
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3,3  -Methylenebis(4-hydroxy-2-quinoIone) 

Fig.  4.  Bishydroxycoumarin  and  related  molecules. 


An  interesting  series  of  molecules  related  to  bishydroxycoumarin  was 
investigated  by  Mentzer  and  Meunier  (1943)  and  by  Meunier  et  al. 
(1943).  The  sulfur  analogue  of  bishydroxycoumarin  (Fig.  4,  No.  3)  and 
the  imino  compound  (Fig.  4,  No.  4)  are  respectively  y10  and  V50  as  active 
as  the  parent  molecule.  They  also  made  a  molecule  related  to  phthiocol 
3,3  -methylenebis ( 2-hydroxy- 1, 4-naphthoquinone)  (Fig.  5  No  1 )  and 
found  it  an  effective  vitamin  K  antagonist.  The  hemorrhagic  activity  of  this 
molecule  strongly  supports  the  concept  of  structural  displacement  as  the 
basis  of  action  of  this  class  of  anticoagulants. 
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The  mechanism  of  action  of  bishydroxycoumarin  is  that  of  a  biological 
antagonism  with  vitamin  K.  This  contention  has  been  supported  by  various 
workers  (Bingham  et  al.,  1941;  Overman  et  al.,  1942;  and  Witts,  1942) 
and  denied  by  others  (Meyer  et  al.,  1942;  Boyd  and  Warner,  1949).  It  is 
probable  that  experimental  conditions  account  for  the  failure  of  some  in¬ 
vestigators  to  counteract  bishydroxycoumarin  by  means  of  vitamin  K  com¬ 
pounds.  Specifically,  Boyd  and  Warner  (1948)  found  that  2-methyl-l, 4- 
naphthoquinone  and  its  bisulfite  did  not  reverse  the  hemorrhagic  effect  of 
bishydroxycoumarin  in  the  rat.  On  the  other  hand,  Davidson  et  al.  (1945) 
found  vitamin  Kj  oxide  effective  in  reducing  prothrombin  times  to  normal 


following  bishydroxycoumarin. 

Recently,  several  groups  (Miller  et  al.,  1950;  James  et  al.,  1949)  have 
found  2-methyl-l, 4-naphthoquinone  and  similar  vitamin  K  compounds 
ineffective  or  relatively  so  as  antagonists  of  bishydroxycoumarin,  while  vita¬ 
min  Ki  and  K,  oxide  were  quite  active  in  this  respect.  The  implication  is 
that  the  active  form  of  vitamin  K  is  that  represented  by  vitamin  Ki  by  con¬ 
trast  with  2-methyl-l, 4-naphthoquinone.  The  latter  molecule  is  probably 
converted  in  the  body  into  some  moiety  in  which  a  comparatively  complex 
3-substituent  is  present.  In  any  event,  it  would  seem  that  the  unfailing 
power  of  Kt  to  act  as  an  antagonist  of  bishydroxycoumarin  places  the  action 
of  the  latter  compound  clearly  within  the  province  of  structural  displace¬ 
ment.  Eichhom  and  his  associates  (1948)  have  obtained  results  demon¬ 
strating  the  strictly  competitive  nature  of  the  antagonism  between 
hemorrhagic  bishydroxycoumarin  and  the  antihemorrhagic  vitamin  K. 
Further  support  of  the  structural  displacement  theory  of  bishydroxycouma 
fin  acffon  came  with  the  observations  of  Quick  (1944)  establishing  the 
duality  of  prothrombin.  Component  B  of  prothrombin  decreases  in  bishy¬ 
droxycoumarin  poisoning  and  in  vitamin  K  deficiency. 

In  1947  Quick  suggested  that  a  coagulation  factor  lacking  in  the  plasma 

of  animals' given  bishydroxycoumarin might  be  different  —  .aching 

;  t/-  Heficienev  Mixtures  of  plasma  from  the  }P 

in  vitamin  K  aenciency.  ivhaiuiv  r  ^  lazm  wh  ch  sue- 

poprothrombinemic  animals  fail  Jo  clot  »»  y  (  ’  fi  are  not 

gests  the  same  qualitative  deficiency  or  at  least  tnat  (ed  ex. 

complementary.  Recently,  Dam ,  and  S“"d^"e  thltplsmas  of  vitamin 
perimental  evidence  interpreted  by  them  to nndicah :  that  plasn  ^  ^  a 

K  deficient  and  bishydroxycoumarin  poi  K-deficient  plasma  is 

common  component,  but  that  -  plasma  in  .  third  ele- 

lacking  in  a  second  and  the  y  >  q{  the  dispiacement  con- 

relative  in  its  specificity. 
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Dihydroxystearic  Acid 

In  1942,  Lockhart  et  al.  observed  the  production  of  a  hemorrhagic  state 
in  rats  fed  a  diet  containing  a  fat  which  contained  per  molecule  one  molecule 
of  dihydroxystearic  acid.  The  syndrome  resembled  that  of  vitamin  K  de¬ 
ficiency  so  closely  that  they  undertook  the  prevention  of  the  syndrome  by 
the  incorporation  into  the  diet  of  2-methyl-l, 4-naphthoquinone.  The  suc¬ 
cess  of  the  experiment  caused  them  to  propose  that  rats  normally  do  not 
require  vitamin  K  in  the  dietary  due  to  intestinal  synthesis  and  that  this 
synthesis  is  prevented  by  the  dihydroxystearic  acid.  Later,  this  group 
(Nightingale  et  al.,  1947)  repeated  their  work  and  actually  determined 
the  amount  of  vitamin  K  produced  by  bacteria  in  the  gastrointestinal  tract. 
The  results  proved  that  dihydroxystearic  acid  completely  blocked  intestinal 
synthesis  of  the  antihemorrhagic  vitamin.  The  acid  had  no  bacteriostatic  or 
bactericidal  action,  which  led  to  the  hypothesis  that  the  biosynthesis  of 
vitamin  K  was  stopped.  This  represents  the  displacement  of  a  vitamin 
precursor  from  an  enzymatic  system  involved  in  the  synthesis  of  the 
nutrilite. 


Miscellaneous 

The  induction  of  hemorrhages  following  the  feeding  of  excessive  doses  of 
vitamin  A  has  been  noted  by  several  groups  of  investigators  (Rodahl  and 
Moore,  1943;  Moore  and  Wang,  1945;  Light  et  al.,  1944;  Maddock  et  al., 
1948)  and  Walker  and  his  associates  (1947)  observed  the  development  of 
hypoprothrombinemia  in  the  experimental  animals.  They  also  noted  the 
prevention  of  the  syndrome  following  the  addition  of  vitamin  K  to  the 
diet.  The  investigations  of  Quick  and  Stefanini  (1948)  led  them  to  con¬ 
clude  that  the  action  of  vitamin  A  in  the  rat  is  due  to  interference  with  the 
synthesis  of  vitamin  K  by  bacteria  in  the  gut.  They  base  this  conclusion 
upon  their  finding  that  vitamin  A  has  no  effect  on  absorption  or  utilization 
of  vitamin  K  in  the  chick,  which  eliminates  by  analogy  the  probability  that 
these  two  factors  are  operative  in  the  rat. 

Whether  or  not  the  methylated  xanthines  produce  hyperprothrombinemia 
remains  an  open  question.  Field  and  his  group  (1944)  reported  that  single 
oral  doses  of  theophylline,  theobromine,  or  caffeine  given  to  dogs,  rabbits, 
and  rats  produced  a  state  of  hyperprothrombinemia  which  lasted  for  4-5 
days.  Further,  these  methylated  purines  counteracted  the  hemorrhagic 
effect  of  bishydroxycoumarin  in  the  dog.  Quick  (1945)  was  unable  to  con¬ 
firm  these  findings. 

Generally,  the  sulfonamides  have  been  used  in  experiments  involving 
vitamin  K  for  the  purpose  of  reducing  the  synthetic  activity  of  the  intestinal 
flora  but  with  sulfaquinoxaline  there  is  a  direct  prothrombopenic  effect 
(Seeler  et  al,  1944;  Mushett  and  Seeler,  1947),  reversed  by  vitamin  K 1 
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Fig.  5.  Bishydroxycoumarin  and  related  molecules. 

from  100  to  250  times  more  readily  than  by  2-methyl- 1 ,4-naphthoquinone. 
It  will  be  recalled  that  this  situation  parallels  that  seen  with  bishydroxy¬ 
coumarin.  . 

One  very  interesting  report  on  the  subject  of  agents  producing  ypopro- 

thrombinemia  is  that  of  Vincke  and  Schmidt  (1942)  in  which  they  ob¬ 
served  the  activity  of  lanthanum  chloride,  cerium  chloride,  and  samarium 
chloride  and  the  reversal  of  their  prothrombopenic  effect  by  vitamin  K. 

Again,  Rabat  and  his  group  (1944)  have  reported  the  effectiveness  of 
a  series  of  indandione  compounds  as  hemorrhagic  agents.  They  act  by 
production  of  hypoprothrombinemia.  2-Pivalyl-l  ,3-indandione  w. is  ie 

most  powerful  compound  of  the  number  studied  (equal  to  bi sh  afro  y 
coumarin)  These  included  such  molecules  as  2-isovaleryl-  ,3-indandione, 
2-prZonyl-l  3-indandione,  and  2-a-naphthoyl-l  ,3-indand,one  Indandt- 

indicate  a  fundamental  dillerencc  oetw  Geueuen  (1947) 

which  function  as  antagonists  of  vitamin  K.  Soulier  and  Oeuc 
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confirmed  these  findings  and  indicated  that  phcnylindandione  had  a  better 

therapeutic  index  than  bishydroxycoumarin. 

a-Tocopherol  quinone,  a  structural  analogue  of  vitamins  E  and  K,  pro¬ 
duces  in  mice  a  hemorrhagic  state  in  the  reproductive  system  and  ^sorptive 
termination  of  pregnancy  during  the  last  week  of  gestation  (  oo  ey, 
1945a).  Similar  treatment  of  nonpregnant  mice  produces  no  detectable 
effect.  The  quinone  causes  no  permanent  damage.  Hypoprothrombinemia 
does  not  occur.  The  syndrome  is  counteracted  by  vitamin  K  but  not  by 
a-tocopherol.  This  is  unusual  in  view  of  the  fact  that  the  syndrome  could 
not  be  duplicated  by  the  use  of  3,3'-methylenebis-(4-hydroxycoumarin). 

Biological  Antagonists  of  a-Tocopherol 

The  remaining  vitamin  factors,  E,  A,  C,  and  P  will  be  presented  without 
the  customary  outline  of  the  biochemistry  and  nutrition  because  little  has 
yet  been  done  with  each  of  these  in  the  sphere  of  biological  antagonism. 

Vitamin  E  antagonists  should  prove  valuable  agents  in  chemotherapy 
but  to  date  no  specific  molecule  has  been  designed  possessing  this  power. 
a-Tocopherol  quinone  (Woolley,  1945a)  is  actually  a  metabolite  analogue 
of  vitamin  K.  Woolley  (1945)  also  tried  a  demethylated  molecule  similar 
to  a-tocopherol  but  without  the  three  methyl  groups  on  the  benzene  ring, 
and  found  it  inactive.  Recently,  a-tocopherol  quinone  has  been  found  to 
prevent  as  well  as  to  cure  the  creatinuria,  paralysis,  and  loss  of  weight  as¬ 
sociated  with  vitamin  E  deficiency  in  the  rabbit  (Mackenzie  et  al.,  1950). 
While  this  would  certainly  remove  any  possibility  for  antivitamin  activity 
in  chronic  E  deficiency  it  remains  difficult  to  understand  why  selective 
hemorrhages  are  caused  by  tocopherol  quinone  in  view  of  the  failure  of 
bishydroxycoumarin  to  produce  parallel  damage.  The  probability  is  that  a 
dual  displacement  occurred,  quantitatively  tilted  toward  the  K  deficiency 
side  and  hence  cured  by  K.  The  residual  vitamin  E  deficiency  would  then 
be  of  such  mild  degree  as  to  be  detectable  only  by  more  delicate  means. 

The  partial  reversal  of  the  toxic  action  of  tri-o-cresylphosphate  by  to¬ 
copherol  led  Bloch  and  Hottinger  (1943)  to  propose  a  reciprocal  relation¬ 
ship  between  the  molecules.  One  manifestation  of  the  poisoning  was  the 
marked  creatinuria  seen  in  rabbits.  This  was  completely  prevented  or 
markedly  lessened  by  vitamin  E  treatment.  Similarly,  di-o-cresylsuccinate 
has  been  found  to  be  an  antagonist  of  a-tocopherol  (Meunier  and 
Chenavier,  1949)  in  the  rabbit. 

The  possible  existence  of  naturally  occurring  antivitamins  E  is  raised  by 
the  observations  of  Cormier  (1948)  who  found  that  the  prolonged  ad¬ 
ministration  of  fish  liver  oils  produced  a  syndrome  at  least  partially  associ¬ 
ated  with  vitamin  E  deficiency. 

No  structural  analogue  of  vitamin  E  has  been  demonstrated  to  be  a  true 
competitive  antagonist  of  this  important  nutrilite.  Studies  of  structural 
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specificity  for  vitamin  action  have  shown  the  existence  of  a  large  number 
of  molecular  modifications  possessing  no  effect.  Among  these  it  is  probable 
that  future  researchers  will  find  highly  specific  antagonists. 


Biological  Antagonists  of  Vitamin  A 

Here,  again,  little  work  has  been  reported  but  what  we  know  clearly 
indicates  the  potentialities.  The  first  observation  on  vitamin  A  antagonism, 
while  not  so  interpreted  by  those  who  reported  it  (Hammond  and  Harshaw, 
1941),  was  on  the  interference,  by  cod  liver  oil,  with  the  deposition  of 
xanthophyll  in  the  shanks  and  skin  of  chicks.  Similar  findings  were  pre¬ 
sented  by  Mattson  and  Deuel  (1943).  The  specific  nature  of  the  interfer¬ 
ence  as  one  involving  vitamin  A  was  ascertained  by  Deuel  and  his  associates 
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(1943)  and  confirmation  was  given  by  Rubin  and  Bird  (1946).  Deuel  et 
ai  (1943)  observed  a  decrease  in  the  quantity  of  pigment  in  egg  yo 
the  vitamin  A  content  of  the  diet  was  raised.  The  second  group  (Rubin  and 
Bird,  1946)  determined  shank  pigmentation  and  concluded  that  vitamin  A 
was  the  factor  suppressing  pigmentation  since  carotene  had  no  similar 

effect 

Recently,  Kelly  and  Day  (1950)  found  that  xanthophyll  decreases  the 
utilization  of  ^-carotene  or  vitamin  A  for  tissue  storage  of  the  vitamin. 
Xanthophyll  had  no  effect  on  the  rate  of  disappearance  of  vitamin  A  already 
present  in  the  tissue.  This  observation  led  the  authors  to  conclude  that  the 
inhibitory  action  occurs  in  the  alimentary  tract.  A  study  of  the  conversion 
of  carotene  to  vitamin  showed  that  it  was  not  blocked  by  xanthophyll. 
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Biological  Antagonists  of  Ascorbic  Acid 

Woolley  and  Krampitz  (1943)  were  the  first  to  investigate  the  potenti¬ 
alities  of  ascorbic  acid  as  a  model  for  the  development  of  antagonists.  They 
found  that  a  diet  containing  10  per  cent  glucoascorbic  acid  produced  in 
cotton  rats  and  mice  an  inhibition  of  growth,  severe  diarrhea,  and  hemor¬ 
rhages  in  various  parts  of  the  body.  The  syndrome  paralleled  that  of  scurvy 
as  produced  in  susceptible  species.  The  toxic  state  was  not  prevented  by 
ascorbic  acid,  but  a  substance  in  certain  fresh  plant  products  (cabbage) 
was  able  to  stop  the  development  of  the  syndrome.  Later,  Woolley  (1944) 
reported  an  experiment  with  guinea  pigs  in  which  the  lesions  of  the  toxic 
state  were  eliminated  by  small  amounts  of  ascorbic  acid. 

The  findings  of  Banerjee  and  Elvehjem  (1945)  are  difficult  to  integrate 
into  the  concept  of  Woolley  to  the  effect  that  scurvy  is  induced  by  gluco¬ 
ascorbic  acid.  They  found  that  glucoascorbic  acid  produced  the  syndrome 
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as  described  in  rats  except  for  the  hemorrhages  but  also  that  ascorbic  acid 
at  the  same  level  caused  much  the  same  condition.  Furthermore,  2  per  cent 
liver  powder  prevented  the  development  of  the  deficiency  state.  In  guinea 
pioS,  the  toxicity  was  relieved  by  liver  but  not  by  ascorbic  acid.  The  inter¬ 
pretation  of  these  findings  must  be  that  glucoascorbic  acid  does  not  specifi¬ 
cally  displace  ascorbic  acid  and  thus  produce  a  scorbutic  condition,  but 
rather  that  it  and  similar  molecules  deprive  the  animal  of  a  dietary  factor 
which  is  normally  supplied  by  the  intestinal  flora  and  is  present  in  liver. 

Absence  of  any  antagonism  between  L-ascorbic  acid  and  D-glucoascorbic 
acid  has  recently  been  proved  (Gould,  1948;  Follis,  1949).  Follis  used 
weanling  mice  in  his  experiments  and  reported  that  5  per  cent  glucoascorbic 
acid  in  the  diet  failed  to  cause  the  development  of  any  of  the  manifestations 
of  scurvy  although  the  mice  showed  symptoms  of  acute  inanition  and  died 
within  12  days.  In  addition  to  studies  with  glucoascorbic  acid,  Gould  at¬ 
tempted  to  establish  an  antagonism  between  ascorbic  acid  and  either  2-ketol- 
gulonic  or  D-ascorbic  acid.  Using  the  blood  level  of  phosphatase  in  the 
guinea  pig  as  the  criterion  of  the  scorbutic  process,  he  was  unable  to  demon¬ 
strate  antagonism  with  any  one  of  the  three  molecules  under  test. 

It  is  interesting  to  speculate  on  the  mechanism  of  the  diabetogenic  effect 
of  dehydroascorbic  acid  (Patterson,  1949,  1950),  but  the  probabilities  of 
displacement  playing  a  role  are  remote  in  view  of  the  synergism  shown  be¬ 
tween  dehydroascorbic  or  ascorbic  acid  on  the  one  hand  and  alloxan  on  the 
other.  Furthermore,  dehydroascorbic  acid  is  converted  into  ascorbic  acid 
under  biological  conditions  within  a  few  minutes.  The  explanation  offered 
by  Patterson  to  the  effect  that  dehydroascorbic  acid  interferes  with  essential 
sulfhydryl  enzymes  in  the  /8-cells  of  the  islets  of  Langerhans  is  probably 
correct. 


Biological  Antagonists  of  Vitamins  “P” 

Little  work  has  been  done  with  the  possible  biological  antagonists  of 
vitamins  P,  which  might  better  be  designated  as  the  bioflavonoids.  In 
fact,  the  only  report  to  date  is  that  of  Parrot  and  Cotereau  ( 1945 )  who  pre¬ 
pared  catechin  red  and  demonstrated  its  antagonism  for  catechin  as  re¬ 
flected  in  the  power  of  the  bioflavonoid  to  strengthen  capillaries  in  the 
guinea  pig. 

It  may  be  that  many  substances  with  a  toxic  action  for  capillaries  are 
in  fact  biological  antagonists  of  the  bioflavonoids.  For  example,  phenyl- 
mdandione  has  been  demonstrated  to  inhibit  the  effect  of  the  vitamins  “P” 
on  capillary  fragility  (Gley  and  Delor,  1948). 


Comment 

The  probability  that  iodinin  functions  under  certain  experimental  condi¬ 
tions  as  an  antagonist  of  vitamins  K  brings  to  attention  the  general  anti- 
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biotic  group.  There  seems  no  reason  to  believe  that  these  will  contradict 
the  broad  statement  that  all  chemotherapeutic  agents  function  by  virtue  of 
biological  antagonism  and,  with  few  exceptions,  through  structural  displace¬ 
ment. 

Metabolite  displacers  of  vitamin  K  have  been  made  by  ring  modification 
(2-methyl-quinoxaline-di-N-oxide)  and  by  substituent  change  (2,3-di- 
chloro- 1,4-naphthoquinone).  Furthermore,  there  are  inhibitors  for  the  pre¬ 
formed  vitamin  (bishydroxycoumarin)  and  those  preventing  its  formation 
(dihydroxystearic  acid). 

Practical  applications  of  metabolite  analogues  are  many  but  none  exceeds 
in  importance  the  use  of  bishydroxycoumarin  for  the  induction  of  hypopro- 
thrombinemia.  The  failure  of  some  investigators  to  reverse  the  hemorrhagic 
effect  of  bishydroxycoumarin  by  2-methyl-l, 4-naphthoquinone  has  re¬ 
cently  been  shown  to  be  due  to  the  comparatively  minor  power  of  this 
factor  as  contrasted  to  vitamin  Ki  oxide.  There  seems  little  reason  now  to 
question  structural  displacement  as  the  underlying  mechanism.  Of  the  many 
possible  antagonists  of  the  vitamins  K,  few  have  been  actually  given  trial 
as  thrombopenic  agents.  It  would  seem  probable  that  many  new  clinically 
useful  molecules  will  result  from  studies  in  this  field. 

Of  the  other  factors  considered  in  this  section,  few  have  been  sub¬ 
jected  to  even  a  superficial  examination  as  model  for  displacers.  Vitamin 
D,  reasoning  by  analogy  with  the  steroid  hormones,  should  form  an  inter¬ 
esting  design  around  which  modifications  with  antagonistic  actions  might 
be  built.  No  work  of  any  kind  has  been  reported.  For  vitamin  E,  there  are 
no  analogues  known  to  prevent  the  factor’s  function  which  bear  structural 
similarity  to  the  molecule.  Both  tri-o-cresylphosphate  and  di-o-cresylsucci- 
nate  are  deemed  antagonists  of  vitamin  E  only  because  the  factor  reverses 
in  some  degree  their  toxicity.  This  is  indicative  of  the  involvement  of  a 
vitamin  E  deficiency  in  the  toxicity  syndrome  of  these  compounds,  but  does 

not  directly  represent  displacement.  .  , 

Xanthophyll  antagonizes  the  storage  of  vitamin  A  or  of  0-carotene  in  the 

tissues.  This  represents  a  clue  to  probable  major  involvement  of  other 
carotenoids  in  the  conversion  of  carotene  to  vitamin  A  and  leads  one  to 
speculate  on  the  role  such  compounds  might  play  in  the  formation  o 
rhodopsin  and  hence  in  the  photochemical  transformations  involved  m 

''IT  present  metabolite  analogues  of  ascorbic  acid  possessing  displace- 

“;r 

'^Apparently,  interest  has  centered  around  antagonists  for  the  more 
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cently  discovered  vitamins,  with  the  result  that  little  effort  has  been  ex¬ 
pended  toward  an  understanding  of  the  natural  and  synthetic  inhibitors  of 
these  factors.  The  function  of  vitamin  A  in  visual  mechanisms  suggests  that 
this  nutrilite  should  represent  an  immediate  and  profitable  subject  for 
studies  of  antagonism. 
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(1)  N - CH  (6) 

(2) 

(2)  CH  CH  (5) 

II  II 

(3)  N - CH  (4) 

Pyrimidine  nucleus 

(3) 

METABOLITE  ANALOGUES  OF  PURINES  AND 

PYRIMIDINES 

(1)  n=CH(6) 


CH  (8) 

/ 

—  N 
(4)  (9) 

Purine  nucleus 

The  purines  and  pyrimidines,  as  components  of  nucleic  acids,  find  their 
major  role  combined  in  nucleoproteins.  Nucleic  acids  are  polynucleotide 
structures  which  in  yeasts  consist  of  D-ribose,  two  purines  (adenine  and 
guanine),  two  pyrimidines  (cytosine  and  uracil),  and  phosphoric  acid,  and 
which  in  the  thymus  gland  have  the  same  components  except  that  the 
sugar  is  2-desoxy-D-ribose  and  the  pyrimidines  are  cytosine  and  thymine 
The  chemical  distinctions  between  animal  and  plant  nucleic  acids  are  no 
sharply  drawn;  furthermore,  both  types  of  nucleic  acid  may  be  found  in 

the  Scime  cell* 

Chromatin,  which  is  the  chemical  substance  of  the  chromosome  Wears 
to  be  protamine  nucleate,  a  true  salt.  The  experimental  potential  ofmetabo- 
lite  analogues  of  the  purines  and  pyrimidines  and  the  correspond)  g 
plex  serief  is  indicated  by  the  statement  of  Loathes  that  into  chromosome 
"are  packed  from  the  beginning  all  that  preordains  if  not  our  fate  an 
fortunes  at  least  our  bodily  characteristics  down  to  the  color  of  o 
lashes  It  becomes  a  question  whether  the  virtues  of  nucleic  acids  may  not 
dva  hose  of  am  no  acid  chains  in  their  vital  importance.”  Virus  protein 
are  a  SO  nucleoproteins  and  like  the  chromosomes  are  Passed  of  * 
:mque  characteristic  of  reproduction.  Some  invest, gamm  regard^em  » 

ot  pur,ne  and 

^S^^are  “specihe  energy 
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donors  which  make  possible  reactions  leading  to  protein  and  enzyme  syn¬ 
thesis  ”  The  phosphate-transferring  enzymes  would  be  primarily  involved. 
In  this  same  vein,  it  is  well  known  that  phosphatases  and  nucleic  acids 
occur  in  association  in  cytoplasm  and  nucleus.  Adenine  and  guanine  which 
are  metabolically  converted  to  xanthine  and  hypoxanthine,  are  the  only 
naturally  occurring  purines.  The  complex  enzymatic  systems  involved  in 
nucleic  acid  and  purine  metabolism  can  best  be  given  in  the  form  of  a 
chart. 


Chart  1 

Enzymatic  Mechanisms  of  Nucleic  Acid  and  Purine  Metabolism 


Adenine,  Guanine  ^x'(^ase>  Xanthine 


Nucleic  acid 


Hypoxanthine 


Deaminase 


->•  Inosine,  Xanthosine 


Adenine 


Guanine 


Deaminase 


Adenase 


-►  Hypoxanthine 


<L> 

c/i 

C3 

T3 

'x 

o 


Guanase 


Xanthine  — xidase  »  Uric  acid 


From  the  standpoint  of  design  of  metabolite  analogues,  linkage  points 
of  purine  or  pyrimidine  with  sugar  would  be  of  importance.  The"  position 
of  glycosidal  tie  to  nitrogen  is  position  9  in  the  purines  and  3  in  the  pyrimi¬ 
dines.  This  holds  for  most  nucleic  acids,  but  in  free  muscle  adenylic  acid 
and  in  adenosine,  the  sugar  is  tied  to  position  7  of  the  adenine.  The  phos¬ 
phoric  acid  moiety  in  yeast  nucleic  acid  is  esterified  at  carbon  3  of  the 
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sugar.  In  thymus  nucleic  acid  the  esterification  is  to  carbon  5.  Cross  link¬ 
ages  between  nucleotides  in  the  nucleic  acid  complex  involve  the  sugar  of 
one  nucleotide  and  the  phosphoric  acid  of  the  next.  The  cross  linkage 
esterification  position  is  carbon  2  in  yeast  and  carbon  3  in  the  thymus 
nucleic  acid  type. 

Plentl  and  Schoenheimer  (1944)  observed  that  labeled  guanine  when 
administered  to  animals  is  not  incorporated  into  nucleic  acids  of  the  tissues. 
This  finding  considered  with  the  work  of  Brown  et  al.  (1948),  who  report 
that  labeled  adenine  is  incorporated  into  nucleic  acids  and  is  partially  con¬ 
verted  into  guanine  and  adenosinetriphosphate,  places  adenine  in  a  key 
position.  It  seems  probable  that  all  purines  can  be  formed  from  adenine, 
and  certainly  it  is  found  broadly  disseminated  in  nucleic  acids  and  in  such 
coenzymes  as  adenosinetriphosphate,  the  di-  and  triphosphopyridine 
nucleotides,  and  flavin  adenine  dinucleotide. 

Adenine  is  a  growth  factor  for  many  single  cell  organisms,  and  there  are 
microorganisms  capable  of  synthesizing  this  purine.  It  is  probably  necessary 
for  animal  growth,  although  this  point  has  not  been  established.  The  mole¬ 


cule  and  its  derivatives  are  pharmacologically  active. 

Snell  and  Mitchell  (1941)  found  that  each  of  the  purine  and  pyrimidine 
bases  of  nucleic  acid  is  a  limiting  factor  in  the  growth  of  lactic  acid  bac¬ 
teria  under  specific  experimental  conditions.  It  can  also  be  stated  that 
certain  microorganisms  are  capable  of  synthesizing  each  of  the  purine  and 

pyrimidine  bases.  . 

The  biosynthesis  of  purines  and  pyrimidines  would  again  logically  be  a 

point  of  study  for  future  reference  to  the  metabolite  analogues.  The  origin 
of  the  five  carbon  atoms  of  the  purines  has  been  determined;  i.e.,  carbon 
atom  6  is  from  carbon  dioxide,  carbons  2  and  8  are  from  the  carboxyl 
aroups  of  formate  and  acetate,  carbons  4  and  5  are  from  glycine  or  lac  ic 
acid.  Glycine  is  the  precursor  of  purines  in  yeast  and  of  uric  acid  in  man. 
The  carbon  chain  of  pyrimidines  is  thought  to  artse  from  oxaloacetic  and. 

The  extreme  complexity  of  the  purine-pyrimidme  metabolic  concatena¬ 
tion  renders  difficult  continuity  in  an  attempted  presentation  ot  the  related 
metabolic  analogues.  Additional  complications  arise  from  the  gaps  in  funda¬ 
mental  knowledge  in  the  nucleic  acid  field.  Structurally,  ,t  seems  logical 
to  consider  antimetabolites  of  this  series  as  being  divided  into  two  groups 
substituent  modifications  and  ring  change. 
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2. 
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Metabolite  Analogues  with  Ring  Change 


Woolley  pioneered  this  field.  In  1944,  he  reported  that  benzimidazole 
(Fig.  1)  inhibited  the  growth  of  certain  bacteria  and  that  ammopunnes, 
adenine,  and  guanine,  counteracted  the  benzimidazole  effect.  Replacement 
of  the  hydrogen  atom  of  position  2  by  side  chain  or  hydroxyl  destroye  or 
greatly  reduced  activity;  neither  4-amino  nor  5-aminobenzimidazole  exerted 
greater  action  than  the  parent  compound,  benzimidazole.  This  is  unusual 
inasmuch  as  either  4-  or  5-amino  compounds  bear  greater  structural  simi¬ 
larity  to  adenine  or  to  guanine.  The  activity  of  benzimidazole  was  not  re¬ 
stricted  to  those  microorganisms  requiring  aminopurines.  In  this  respect, 
it  bears  a  similarity  to  sulfonamides  which  are  effective  against  bacteria 
not  requiring  p-aminobenzoic  acid,  and  differs  from  pantoyltaurine  and 
pyridine-3-sulfonic  acid  where  inhibition  is  limited  to  bacteria  requiring 
pantothenic  acid  and  nicotinic  acid  respectively. 

Using  Streptococcus  lactis  R,  Woolley  (1944)  found  that  adenine  did 
not  counteract  benzimidazole  in  concentrations  of  adenine  which  were  not 
inhibitory.  In  this  case  uracil  was  active  in  reversing  the  effect  of  benzi¬ 
midazole.  With  all  other  microorganisms  tested,  adenine  reversed  the  action 
of  benzimidazole. 

Purine  antagonists  in  the  1-v-triazolo  (d)  pyrimidine  (Fig.  1)  series 
were  synthesized  by  Roblin  et  al.  (1945).  Analogues  of  guanine,  adenine, 
xanthine,  and  hypoxanthine  were  prepared.  Of  these,  the  adenine  and 
guanine  analogues  were  particularly  effective  antibacterial  agents.  7-Amino- 
1-v-triazolo  (d)  pyrimidine,  7 -hydroxy-1  -v-triazolo  (d)  pyrimidine,  5- 


amino-7-hydroxy- 1-v-triazolo  (d)  pyrimidine,  and  5, 7-dihydroxy-l -v-triaz¬ 
olo  (d)  pyrimidine  were  the  four  analogues  synthesized.  Adenine  and 
hypoxanthine  but  not  guanine,  xanthine,  uracil,  cytosine,  or  thymine  re¬ 
versed  the  action  of  the  7-amino  compound  on  Escherichia  coli.  In  a  similar 
manner,  guanine  inhibited  the  action  of  its  analogue  the  5-amino-7-hydroxy 
compound;  however,  the  other  purines  and  pyrimidines  excepting  xanthine 
were  inactive.  The  xanthine  and  hypoxanthine  analogues  were  reversed 
by  all  four  purines.  The  5-amino-7-hydroxy- 1-v-triazolo  (d)  pyrimidine 
in  combination  with  sulfonamides  displayed  a  distinct  synergistic  effect  with 
both  Escherichia  coli  and  Staphylococcus  aureus.  None  of  the  other  com¬ 
pounds  exhibited  this  synergism.  Sulfonamide  fast  strains  of  bacteria  were 
no  more  resistant  to  this  compound,  5-amino-7-hydroxy-  1-v-triazolo  (d) 
pyrimidine,  than  were  the  parent  strains. 

It  is  strange  that  only  the  guanine  analogue  would  exhibit  synergism 
with  the  sulfonamides,  while  the  other  purine  analogues  were  without  effect 
A  study  of  the  ability  or  inadequacy  of  benzimidazole  to  act  synergisticallv 
W,.h  sulfonamides  would  be  a  rewarding  issue  in  connection  with  a  consM. 
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(6) 

(1)  N=C — NH2 


(7) 

(2)  HC  NH 


/ 

(3)  N - C— N  (9) 

(4) 

Adenine 
6-aminopurine 


CH  (8) 


(5)  CH - CH  (4) 


(6)  CH  (9)C— NH  (3) 


/ 

(7)  CH=C— N  (1) 

(8) 


CH  (2) 


Benzimidazole 


(7) 

(6)  N=C— OH 


(5)  I  (8) 
HoN— C 


(4)  N 


(9) 
C— NH 


C— N 


/ 


N  (1) 


(3)  (2) 

5-Amino-7-hydroxy- 
1-v-triazolo  (d) 
pyrimidine 

Fig.  1.  Purine  displacers. 

eration  of  this  general  series.  Extension  along  these  lines  is  important  in 
view  of  the  general  use  of  methylated  purines  in  pharmacology.  It  would 
further  our  knowledge  if  we  determined  the  effectiveness  of  these  methylated 
purines  as  antibacterial  agents,  and  the  potentiality  of  their  counteracting 

the  purines.  .  . .  .  ,  , 

The  relative  ineffectiveness  of  the  1-v-triazolo  (d)  pyrimidines  in  vivo  led 

Vaughan  et  al.  (1949)  to  synthesize  a  series  of  imidazo  (b)  pyridines  an 
nvrido  (2  3-d) -1  -v-triazoles.  Eleven  different  molecules  were  prepared  and 
iff  were  found  inactive  against  Mycobacterium,  Erysipebthnx.Dtplococcus 
pneumoniae,  Streptococcus,  and  Pasteurella  multocida.  Using  Tetrahymena 
ZTlmer  and  Dewey  (1949)  found  that  the  triazolo  analogue  o 
Lani’ne  was  inhibitory  to  purine  metabolism,  the  hypoxanthine  analogue 
tas  inactive  and  5,7-tomino-l-v-triazolo  (d)  pyrimidine  was  moderately 

active. 

Metabolite  Analogues  with  Substituent  Modification 

2,6-Diaminopurine  has  received  intensive  study  recently. J? e 
Hitchings  et  al.  noted  the  inhibitory  effect  of  t  is  mo  ec 
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nletely  reversed  its  aetion.  Later,  Bendich  and  Brown  (1948,  presented 
evidence  that  2,6-diaminopurine  is  the  intermediate  in  the  convers.on  o 
adenine  to  guanine.  Tetrahymena  geleii  (Kidder  and  Dewey.  1949)  uuhzes 
2,6-diaminopurine  as  well  as  guanine  for  its  purine  requirements.  1-Me  hyl- 
guanine,  8-methylguanine,  and  1-methylxanthine  were  also  capable  of  re¬ 
placing  guanine.  Adenine,  hypoxanthine,  7-methylguanme,  and  1,7-di- 


Table  1 
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Purine 

Antagonist 

Activity 

Test  Organism 

Reference 

Series  with  Ring  Change 

Adenine 

Benzimidazole 

+ 

Saccharomyces 

Woolley,  1944 

Guanine 

cerevisiae 

Endomyces 

vernalis 

Escherichia  coli 
Streptococcus 

lactis  R 

Adenine 

4-Amino  and  5-aminoben- 

+ 

it 

Woolley,  1944 

Guanine 

zimidazole 

2-Substituted  benzimida- 

Weak 

it 

Woolley,  1944 

zoles 

or 

Adenine 

7-Amino-l-v-triazolo  (d) 

+ 

Escherichia  coli 

Roblin  et  al.. 

Hypoxan- 

pyrimidine 

1945 

thine 

All  purines 

7-Hydroxy- 1-v-triazolo 

+ 

it 

it 

( d )  pyrimidine 

Guanine 

5-Amino-7-hydroxy-l-v- 

+ 

it 

it 

Xanthine 

All  purines 

triazolo  (d)  pyrimidine 
5,7-Dihydroxy- 1-v-triazolo 

+ 

it 

it 

(d)  pyrimidine 

Imidazo  (b)  pyridines 

Mycobacterium 

Vaughan  et  al.. 

Erysipelothrix 

Diplococcus 

1949 

pneumoniae 

Streptococcus 

Pyrido(  2,3-d )  - 1  -v-triazoles 

— 

it 

it 

Guanine 

5,7-Diamino- 1-v-triazolo 

+ 

Tetrahymena 

Kidder  and 

(d)  pyrimidine 

geleii 

Dewey,  1949 

Series  with  Substituent  Modification 

Adenine 

2,6-Diaminopurine 

+ 

Lactobacillus 

Hitchings  et  al.. 

casei 

1948 

Purines 

Theobromine 

+ 

Tetrahymena 

Kidder  and 

partial 

only 

geleii 

Dewey,  1949 

it 

Theophylline 

+ 

it 

it 

it 

Paraxanthine 

+ 

it 

it 

it 

Caffeine 

+ 

it 

it 
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methylguanine  could  spare  guanine  but  not  replace  it.  We  might  observe 
here  that  1 ,7-dimethylxanthine  (paraxanthine)  is  an  effective  goitrogenic 
agent  (Mann  et  al.,  1943).  Theobromine,  theophylline,  paraxanthine,  and 
trimethylxanthine  (caffeine)  were  inhibitory  but  the  inhibition  could  be 
only  partly  reversed  by  guanine  or  other  purines.  The  residual  inhibition 
produced  by  these  polymethylated  xanthines  was  not  reversed  by  any  of  the 
known  vitamins  or  nicotine.  There  seemed  to  be  an  inverse  relationship  be¬ 
tween  the  number  of  methyl  radicals  and  the  activity  of  the  compound: 
7-methyl  and  3-methylxanthine  are  inert  while  3,7-dimethylxanthine  (theo¬ 
bromine)  is  active.  Caffeine  in  which  positions  1,3,  and  7  are  methylated 
was  the  most  active  inhibitor. 


Enzymatic  Aspects 

The  reversal  of  growth  inhibition  by  guanylic  acid  is  immediate  when 
caffeine  is  the  inhibitor  but  is  delayed  20  to  30  hours  when  the  5-amino-7- 
hydroxytriazolo  analogue  of  guanine  is  the  inhibitor.  This  is  interpreted 
by  Kidder  and  Dewey  (1949)  to  indicate  the  incorporation  of  the  triazolo 
analogue  of  guanine  into  a  nucleoside  or  nucleotide  replacing  guanine. 
With  caffeine,  the  competition  is  not  for  incorporation  into  a  nucleotide  but 
rather  a  matter  of  simple  competition  for  an  enzyme  surface  position. 

Vishniac  (1950)  observed  inhibition  by  sodium  tripolyphosphate  of  the 
anaerobic  conversion  of  glucose  by  intact  yeast  cells,  yeast  zymase  prepara¬ 
tions,  or  crystalline  hexokinase.  The  fact  that  the  inhibition  was  reversed 
by  adenosinetriphosphate  or  magnesium  led  him  to  offer  two  possible  ex¬ 
planations;  direct  competition  for  hexokinase  or  competition  for  mag¬ 
nesium,  which  is  essential  for  hexokinase  action. 


Chemotherapy  and  Pharmacology 

Goodman  and  his  group  (1943,  1944)  had  reported  on  the  pharmaco¬ 
logical  properties  of  benzimidazole,  and  Woolley  (1944)  tested  the  action 
of  purines  in  reversing  its  activity  as  an  anesthetic.  He  found  that  some 
reduction  in  the  duration  of  anesthesia  resulted  from  the  administration  of 
adenine.  It  is  regrettable  that  he  did  not  try  other  purines  and  pyrimidines 

benzimidazole.  This  fact  is  of  great  interest  m  view  of  the  known  diuretic 
action  of  various  other  purine  derivatives  such  as  theophy  •  • 

polyuria  produced  by  benzimidazole  apparently  «sulted  from  a  speah 
inhibition  of  the  tubular  reabsorption  of  water  per  se  which  is  advanced 
the  mechanism  of  action  of  the  methylated  xanthines. 

The  possible  chemotherapeutic  application  of  2.6-diammopunn 
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cates  the  importance  of  toxicological  investigations  such  as  that  of  Philips 
■ind  Thiersch  (1949)  who  determined  that  the  acutely  toxic  . 
chen“  500  mg.  per  kg.  for  rats  and  mice.  In  dogs^ 
vomiting  and  hemorrhagic  diarrhea  with  dehydration  and  death  in  48  hours 
Doses  permitting  survival  produced  depletion  of  hone  marrow  and  damag 

to  the  epithelium  of  the  colon  and  the  ileum.  .  nf  tf 

In  swine,  2,6-diaminopurine  (Cartwright  et  al.,  1950)  at  levels  o 
m..  per  kg.  per  day  by  mouth  for  53  days  was  nontoxic.  Dosages  of  this 
antimetabolite  in  the  range  of  25  to  40  mg.  caused  complete  cessation  of 
growth  and  death  within  14  days.  Normocytic,  normochromic  anemia  wit 
slight  reticulocytosis  and  moderate  leukopenia  were  observed.  The  one 
marrow  was  hypoplastic  and  showed  fatty  infiltration.  The  mucosa  and 

submucosa  of  the  stomach  were  edematous. 

Limitations  of  the  clinical  application  of  purine  antimetabolites  have 
been  made  clear  by  the  work  of  Armistead  et  al.  (1949)  who  administered 
200  mg.  of  5-amino-7-hydroxy-l -v-triazolo  (d)  pyrimidine  by  the  intra¬ 
venous  route  to  patients  with  radiation  resistant  cancer.  After  doses  total¬ 
ing  400-1950  mg.  had  been  given,  all  cases  developed  a  toxic  dermatitis 
which  progressed  to  vesicles  and  desquamation. 

Several  groups  of  investigators  have  approached  the  problem  of  applica¬ 
tion  of  purine  displacing  agents  in  the  chemotherapy  of  cancer.  Hertz 
and  Tullner  (1949)  were  able  to  inhibit  the  estrogen  response  in  the  genital 
tract  of  the  female  chick  by  2,6-diaminopurine.  Adenine  proved  to  be  a 
complete  antagonist  for  the  antimetabolite.  These  investigators  suggested: 
“these  phenomena  may  provide  a  basis  for  the  development  of  chemical 
agents  of  therapeutic  value  in  such  clinical  states  as  prostatic  and  breast 
cancer,  in  which  a  suppression  of  the  biological  effectiveness  of  endogenous 
steroid  hormones  has  proven  beneficial.” 

Retardation  of  the  growth  of  neoplastic  tissue  caused  by  2,6-diamino¬ 
purine  was  first  reported  by  Burchenal  et  al.  (1949).  The  compound  was 
considerably  more  effective  against  leukemia  Ak4  than  the  standard  nitro¬ 
gen  mustard,  methyl  bis-(2-chloroethyl)  amine.  Growth  retardation  of  a 
transplantable  adenocarcinoma  by  guanazolo  (5-amino-7-hydroxy-l  H-v- 
triazolo  (d)  pyrimidine)  and  to  a  lesser  extent  by  diaminazolo  (5,7- 
diamino-lH-v-triazolo  (d)  pyrimidine)  was  observed  by  Kidder  et  al. 
(1949).  Almost  immediate  cessation  of  tumor  growth  was  noted  when 
guanazolo  treatment  was  instituted.  The  tumor  cells  were  not  killed  but 
their  growth  rate  was  checked.  Guanazolo  seemed  also  to  be  effective 
against  spontaneous  mammary  cancer  of  the  strain  C3H  mice  and  against 
lymphoid  leukemia  in  mice.  In  contrast,  Stock  et  al.  (1949)  report  8-aza- 
guanine  and  four  other  triazolopyrimidines  ineffective  against  sarcoma  180 
at  tolerated  dosages. 

Potentialities  for  the  application  of  purine  antimetabolites  in  virus  chem- 
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otherapy  are  reflected  in  the  observation  that  2,6-diaminopurine  is  a  power¬ 
ful  inhibitor  of  the  growth  of  vaccinia  virus  in  vitro  (Thompson  et  al., 
1949). 

The  purines  in  a  less  specific  manner  have  been  shown  to  inhibit  the 
action  of  diamidines  (Bichowsky,  1944);  sodium  nucleate  has  this  action, 
guanine  has  not.  The  suggestion  is  made  that  diamidines  act  on  living  cells 
by  combining  with  nucleoproteins.  Diamidines  were  effective  in  the  chemo¬ 
therapy  of  multiple  myeloma  (Snapper,  1948)  and  inhibition  of  these 
agents  by  nucleic  acid  suggests  that  this  may  form  a  basis  of  their  action 
and,  further,  that  purines  and  pyrimidine  displacers  may  be  effective  in 
multiple  myeloma.  Mcllwain  (1942a)  observed  the  inhibition  of  acriflavine 
by  certain  amino  acids  (phenylalanine)  and  nucleotides,  and  stated  (1942) 
that  styryl  430  and  rivanol  acted  by  a  similar  mechanism.  In  addition,  it 
has  been  suggested  (Martin  and  Fisher,  1944)  that  proflavine,  2 : 8-dia- 
minoacridine,  produces  bacteriostasis  in  Staphylococcus  aureus  cultures  by 
inhibiting  adenine-containing  physiologically  important  factors  such  as 
adenylic  acid,  coenzymes  I  and  II  and  adenine  flavine  dinucleotide.  Again 
we  find  the  association  of  agents  acting  directly  or  indirectly  as  antagonists 
of  purines,  pyrimidines,  and  the  corresponding  nucleic  acids  and  of  agents 
effective  in  the  chemotherapy  of  cancer  in  the  work  of  Gye  (1930)  on 
filterable  tumors  and  of  Mellanby  (1932-33)  on  transplantable  tumors. 
The  acridine  antiseptics  in  both  instances  inhibited  the  growth  of  the  tumors 
or  the  tumor  producing  agents. 

Antimalarials  may  interfere  with  purine  metabolism  (Bovamick  et  al., 
1946;  Madinaveitia  and  Raventos,  1949).  Atabrine  inhibition  of  oxygen 
uptake  by  substrate  depleted  cells  of  Plasmodium  lophurae  was  partly  or 
completely  prevented  by  adenylic  acid  or  adenosinetriphosphate  (Bovar- 

nick  et  al.,  1946). 
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Metabolite  Analogues  of  Pyrimidines 

1.  Studies  Involving  Microorganisms. 

a.  Metabolite  Analogues  with  Ring  Change. 

None  Reported  to  Date. 

b.  Metabolite  Analogues  with  Substituent  Modification. 

2.  Pharmacology  and  Chemotherapy. 

3.  Recapitulation. 


Studies  Involving  Microorganisms 
Metabolite  Analogues  with  Substituent  Modification 
The  involvement  of  pyrimidines  in  nucleic  acids  and  therefore  in  nucleai 

mak£S  th£m  a  ,0§ical  target  for  the  desiSn  of  displacers.  Woods 
/  J  pi°neered  thls  field-  He  found  that  barbituric  acid  displaced  uraci 
and  affected  growth  of  bacteria  requiring  this  pyrimidine  for  growth  Both 
urac.1  and  thymine  formed  the  models  for  the  application  of  thiouraci 
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(2-thio-6-oxypyrimidine)  and  thiothymine  (2-thio-5-methyl-6-oxypyrimi- 
dine)  as  displacers  (Strandskov  and  Wyss,  1945).  Both  agents  inhibited 
bacterial  growth  and  metabolism,  and  the  inhibition  was  found  reversible 
by  the  corresponding  metabolites.  Extension  of  this  work  (Strandskov  and 
Wyss,  1946)  resulted  in  the  observation  that  thiouracil  resistant  bacteria 
contained  no  more  uracil  than  did  the  parent  strain.  Though  thiothymine 
did  not  function  as  an  inhibitor  in  the  presence  of  folic  acid,  it  did  act  when 
thymine  was  substituted  for  the  vitamin.  4-Methylthiouracil  was  not  an 
effective  metabolite  analogue,  which  is  interesting  when  we  consider  that  it 
differs  from  thiothymine  only  in  having  a  4-methyl  instead  of  a  5-methyl 
substituent.  Strandskov  and  Wyss  (1946)  invoke  the  concept  of  Michaelis- 
Menten  to  explain  the  thiouracil  resistance  of  bacteria.  This  equation  is 


E  +  S^ES^E  +  P 
E  +  I  El  (Inactive) 


From  this,  the  authors  ruled  out  increase  in  substrate  concentration  and 
destruction  of  inhibitor,  which  permitted  only  the  conclusion  that  an  in¬ 
crease  in  concentration  of  enzyme  occurred.  This  is  in  keeping  with  the 
proposals  of  Yudkin  (1938)  concerning  adaptive  enzyme  formation.  In 
France,  Wolff  and  Karlin  (1948)  also  observed  that  thiouracil  inhibited  the 
uracil  stimulated  growth  of  Lactobacillus  casei.  Nucleic  acids,  nucleotides, 
and  nucleosides  did  not  counteract  thiouracil  (Wolff,  1948).  The  effect  of 
thiouracil  on  Escherichia  coli  was  observed  by  Roepke  and  Jones  (1946) 


and  others  (Hitchings  et  al.,  1945,  1948).  Hitchings  et  al.  (1945)  tested 
approximately  100  substances  as  possible  displacers  or  replacers  of  thymine 
in  bacterial  systems.  When  the  methyl  group  of  thymine  was  replaced  by 
an  amino  or  hydroxy,  inhibitory  compounds  were  produced.  Modification 
of  the  2-position  resulted  in  inactive  compounds.  5-Hydroxyuracil  and 
5-aminouracil  were  strongly  active.  5-Halogen  pyrimidines  and  5-mtro- 
uracil  were  effective  inhibitors  of  the  growth  of  Lactobacillus  casei  as  stimu¬ 
lated  by  thymine,  but  failed  completely  in  the  presence  of  folic  acid.  This 
same  group  (Hitchings  et  al.,  1945),  having  established  the  effectiveness 
of  5-bromouracil;  5-chlorouracil;  5-nitrouracil;  5-aminouracil;  5-hydroxy- 
uracil;  2,4-dithiothymine;  and  5-p-nitrobenzamidouracil  as  pyrimidine  dis¬ 
placers  using  Lactobacillus  casei  as  test  organism,  joined  forces  (Thompson 
et  al  1949)  on  parallel  experiments  with  a  vaccinia  virus.  The  results  wi 
the  pyrimidine  displacers  were  weak  by  comparison  with  the  inhibitor 

action  of  2,6-diaminopurine,  a  purine  displacing  agent 

Synthesis  of  5-chlorouracil  and  5-bromourac.l  nucleosides  of  d-r.bose, 

SyntnesL  .  direct  chlorination  or  bromina- 

d-arabinose,  d-glucose,  and  d  gala  y  ,  •  1 047  uv 

”e  nucleosides  weee 

reported  in'l948  (Dittmer  et  al.).  Using  a  uracil  requmng  mutant  stra, 
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(1)  HN - C=0  (6)  HN - C=0 


(2)  0=C  CH  (5) 


(3)  HN - CH  (4) 

Uracil 


HN 


CH 


Thiouracil 
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HN - C-O 


HN - C  O 


o=c 


HN 


C— Cl 


-CH 


o=c 


HN 


ch2 


-c=o 


5-ChIorouracil 


Barbituric  acid 


Fig.  2.  Metabolite  analogues  of  pyrimidines. 

of  Escherichia  coli  and  one  that  could  synthesize  its  own  uracil,  they  found 
that  none  of  the  16  compounds  tested  was  an  active  inhibitor  when  tested 
at  concentrations  up  to  20  mg.  in  7.5  ml.  of  medium.  5-Chlorouracil  was 
slightly  stimulatory  to  growth  of  the  uracil  requiring  mutant.  All  compounds 
were  negative  with  Neurospora  and  Lactobacillus  casei.  With  Streptococcus 
faecalis  R,  galactosyluracil  and  5-chlorogalactosyluracil  were  active  inhibi¬ 
tors  at  concentrations  of  5  and  10  mg.  respectively  in  10  ml.  of  medium 
containing  0.002  mg.  of  thymine. 

It  is  disappointing  to  find  these  agents  inactive.  One  would  suppose  that 
the  closer  the  approximation  to  the  naturally  active  form  of  any  given 

1  Mo;s\he  m°re  P°tent  W0U'd  be  the  metabolite  antagonists.  Diumer 
et  al.  (1948)  point  out  that  the  molecule  ot  synthetic  1-n-ribosyluracil  is 

son'mo  r0nY,he  "a'ural„uridine  in  P^sical  properties  (Hilbert  and  John- 
’  930  *  and  that  Dav°l|  and  his  co-workers  (1946)  have  suggested  that 
w  tie  natural  and  synthetic  nucleosides  are  beta-glycosides,  the  sugars  differ 

exnecfdr'|ngHSffUC1UreS’  ai’d  therefore  the  synthetic  nucleosides  might  be 
analogues.10  "  ‘°°  *  StrUCtUre  ‘he  naturaffy  occurring 

ntadc"  ^  kX  X)  ?yrimidi"“  »'aS 

tive  metabolite  analogues  o  pyr nt'Jne •  2  Thio 4  "1g.i lge"'S  effec- 
barbituric  acid-  2-thiouracil-  94  .  ,  2-thio-4-aminopyrimidine;  iso- 

diamino-6-meth’ylpyrimidine  ’2  4  d'  fy(nm,dlne;  5-aminouraciI;  2,4- 

dine,  and  2-aminoPpyrimidi™ 

concluded  that  position  2  changes  on  the  pyrfmidine  nud^s  X  ,0  =S 
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Table  II 

Metabolite  Antagonists  of  Pyrimidines 


Pyrimidine 

Antagonist  Activity 

Test  Organism 

Reference 

Uracil 

Benzimidazole 

+ 

Streptococcus 

Woolley,  1944 

lactis  R 

Uracil 

Barbituric  acid 

+ 

Uracil  requiring 

Woods,  1941 

bacteria 

Uracil 

Thiouracil 

+ 

Lactobacillus 

Strandskov  and 

casei 

Wyss,  1945, 
1946 

Thymine 

Thiothymine 

+ 

Lactobacillus 

Strandskov  and 

casei 

Wyss,  1945, 
1946 

Thymine 

5-Bromouracil 

+ 

Lactobacillus 

Hitchings  et  al., 

5-Chlorouracil 

+ 

casei 

1945,  1948, 
1948a,  1950 

44 

5-Nitrouracil 

+ 

Lactobacillus 

44 

5-Aminouracil 

+ 

casei 

44 

5-Hydroxyuracil 

+ 

Lactobacillus 

44 

casei 

44 

2,4-Dithiothymine 

+ 

Lactobacillus 

44 

casei 

44 

5-p-Nitrobenzamidouracil 

+ 

Lactobacillus 

44 

casei 

44 

5-Chloro  and  5-bromo 

— 

Escherichia  coli 

Dittmer  et  al., 

nucleosides  of  D-ribose, 

— 

Neurospora 

1948 

D-arabinose,  D-glucose,  and 

— 

Lactobacillus 

D-galactose 

casei 

Dittmer  et  al., 
1948 

44 

Galactosyluracil 

5-Chlorogalactosyluracil 

+ 

+ 

Streptococcus 
faecalis  R 

44 

2-Thio-4-amino-pyrimidine 

+ 

Tetrahymena 

geleii 

Kidder  and 
Dewey,  1949 

Uracil 

Cytulylic 

Isobarbituric  acid 

+ 

44 

acid 

44 

44 

2,4-Diaminopyrimidine 

+ 

44 

44 

44 

2.4-Diamino-6-methyl- 

+ 

44 

44 

44 

pyrimidine 

44 

44 

44 

2-Aminopyrimidine 

+ 

44 

2  4-Diamino-5-formylamino- 

+ 

44 

44 

6-hydroxypyrimidine 

or  — NH2  produced  inhibitors;  position  5  changes  to  -NIL  produced  an 
inhibitor  molecule. 

Pharmacology  and  Chemotherapy 

In  ,943,  alloxan  (2,4,5,6-tetraoxypyrimidine^ 
a  result  of  the  observations  of  Dunn  et  al.  (1943)  that 


Metabolite  Analogues  of  Pyrimidines  395 

could  be  produced  experimentally  by  the  injection  of  the  compound.  While 
correlation  of  the  activity  of  alloxan  has  been  primarily  associated  with 
sulfhydryl  compounds  (Lazarow,  1946;  Leech  and  Bailey,  1945)  the 
prophylactic  effect  of  nucleotides  was  reported  by  Emerson  et  al.  (1946). 
A  definite  lag  period  was  noted  before  the  protective  action  of  the  nucleo¬ 
tides  took  effect. 

There  seems  to  be  no  recorded  attempt  to  check  in  detail  possible  action 
of  alloxan  against  pyrimidine  metabolism  as  a  basis  for  the  diabetogenic 
action  of  this  molecule.  Horlein  (1941)  had  recorded  the  diabetogenic 
action  of  xanthopterin  which  molecule  might  function  as  a  purine 
displacer,  and  this  makes  it  all  the  more  important  to  attempt  a  correlation 
of  alloxan  activity  and  pyrimidine  metabolism. 

Attempts  at  correlation  of  the  diabetogenic  action  of  alloxan  homologues 
and  related  compounds  with  their  antipyrimidine  activity  have  not  been 
made.  It  is  to  be  noted  that  barbituric  acid  is  a  displacer  for  uracil  (Woods, 
1941)  and  that  it  is  diabetogenic  (Gitter  and  Cardeza,  1946).  On  the  other 
hand,  isobarbituric  acid  and  thiouracil  are  known  metabolite  displacers  of 
pyrimidines,  and  yet  neither  possesses  diabetogenic  activity  (Foglia  and 
Cramer,  1944;  Jacobs,  1937).  The  evidence  therefore  does  not  permit  a 
conclusion  as  to  the  mechanism  by  which  alloxan  injures  the  cells  of  the 
islets  of  Langerhans. 

Another  striking  pharmacological  effect  of  pyrimidine  derivatives  is  their 
goitrogenic  action.  A  chain  of  observations  leading  from  that  of  the  goitro¬ 
genic  action  of  cabbage  in  rabbits  (Chesney  et  al.,  1928)  to  a  similar  effect 
produced  by  acetonitrile  (Marine  et  al.,  1932)  and  finally  to  the  action  of 
sulfonamides  (Mackenzie  et  al.,  1941)  was  climaxed  by  the  work  of  Ast- 
wood  (1943)  demonstrating  the  effectiveness  of  thiopyrimidines  in  the 
treatment  of  hyperthyroidism.  Laufer  and  Stewart  (1947)  proposed  that 
the  goitrogenic  effect  of  the  thiopyrimidines  might  be  due  to  their  metabolite 
antagonist  function  against  the  naturally  occurring  pyrimidines.  This  sug¬ 
gestion  was  advanced  with  no  experimental  studies  to  substantiate  it  and 
the  only  work  done  to  date  is  that  of  Sadhu  (1948). 

Thiouracil  is  the  only  agent  known  to  possess  antipyrimidine  activity  and 
to  be  goitrogenic.  The  others  have  not  been  tested;  not  even  6-n-propyl-  or 
6-ethylthiouracil,  the  most  powerful  goitrogenics.  4-Methylthiouracil,  which 
is  not  an  active  pyrimidine  antagonist,  was  reported  (McGinty  and  By- 
water  1945)  to  be  somewhat  more  effective  than  thiouracil  as  a  goitrogen. 

To  date  no  completely  satisfactory  explanation  has  been  offered  of  the 
goitrogenic  activity  of  thiopyrimidines  or  similar  agents 

achvitv°of2thinSeCti0'a  3  P°int  t0  be  emPhasized  that  the  goitrogenic 
activity  of  the  sulfonamides  may  be  a  manifestation  of  altered  purine  metab- 

°  'sm  inasmuch  as  the  purines  are  known  secondary  inhibitors  of  the  action 
of  the  sulfonamides  (Snell  and  Mitchell,  1942). 
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Recapitulation 

Of  the  multiple  points  of  potential  interference  in  the  purine  and  pyrimi¬ 
dine  metabolic  chain,  only  two  have  been  demonstrated  to  be  affected  by 
antimetabolites.  The  action  of  caffeine  appears  to  be  immediate  competition 
for  a  position  on  a  protein  surface,  thereby  inhibiting  coenzyme  or  nucleo¬ 
side  formation.  In  contrast,  the  5-amino-7-hydroxytriazolo  analogue  is 
apparently  incorporated  into  a  nucleoside  or  nucleotide  and  subsequently 
interferes  with  nucleic  acid  formation  or  function.  No  studies  have  been 
reported  on  the  ability  of  antimetabolites  of  this  series  to  interfere  with 
synthesis  of  purines  or  pyrimidines  or  with  the  specific  formation  or  activity 
of  any  of  the  adenine  coenzymes.  Work  along  these  lines  should  be  re¬ 
warding. 

It  is  certain  that  in  any  approach  to  this  problem  the  possibility  of  chela¬ 
tion  must  be  considered.  The  activity  of  sodium  tripolyphosphate  as  a 
competitor  with  adenosinetriphosphate  for  magnesium  in  hexokinase  sys¬ 
tems  focuses  attention  on  this  possibility.  Supporting  the  use  of  multiple 
antimetabolites  in  chemotherapy  is  the  observation  that  thiothymine  while 
effective  against  thymine  in  the  absence  of  folic  acid  is  not  effective  when 
the  vitamin  is  present. 

As  indicated  in  the  introduction,  the  linkage  point  of  purine  with  sugar 
is  to  nitrogen  of  position  9  and  for  pyrimidine  to  nitrogen  of  position  3. 
The  exception  is  that  in  adenosine  and  free  muscle  adenylic  acid,  position  7 
of  the  adenine  is  involved.  Antimetabolites  in  either  the  purine  or  pyrimi¬ 
dine  series  have  not  been  designed  with  these  positions  blocked.  The  7-posi¬ 
tion  is  blocked  in  theobromine  and  caffeine  by  a  methyl  group  and  both  of 
these  molecules  are  effective  antimetabolites  which  apparently  function  by 
immediate  competition  for  an  enzyme  surface  position,  and  are  not  in  con¬ 
trast  to  the  triazolo  analogues  incorporated  into  nucleotides.  Steric  hm- 
drance  could  account  for  this  and  also  offers  a  probable  explanation  of  the 
inactivity  of  the  2-substituted  benzimidazole  analogues  wherein  the  blocking 

substituent  would  be  immediately  adjacent.  .  ,  .  . 

Effective  metabolite  analogues  of  purines  have  been  synthesized  in  whic 
the  pyrimidine  ring  has  been  replaced  by  benzene  (benzimidazole).  By 
contrast  the  molecule  containing  a  pyridine  ring  replacing  the  benzimi 
azole  is  inactive  (imidazo  (b)  pyridines).  1-v-Triazolo  (d 
tvnical  of  the  displacers  in  which  the  imidazole  ring  of  the  purine  is  re 
n^aced-  in  this  case,  by  triazolo.  The  analogues  with  substituent  modihea  i 
me  represented  by  2?6-diaminopurine.  the  activity  of  which  suggests  that 

,h^tr^«^s;^^een  purine  and  pyrimidine  in  the 
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2  and  5  produce  active  analogues.  No  molecules  with  ring  change  have 
been  reported  as  displacing  agents  for  pyrimidines. 

Purines  occur  in  coenzymes  such  as  adenosinetriphosphate  and  diphos- 
phopyridine  nucleotide  as  well  as  in  the  fundamental  cell  components,  the 
nucleic  acids.  It  is  not  improbable,  therefore,  that  in  this  series  of  metabolite 
analogues  will  be  found  the  most  important  pharmacological  and  chemo¬ 
therapeutic  agents.  In  pharmacology,  these  molecules  have  already  made 
their  appearance  as  diuretics,  cardiac  stimulants,  coronary  vasodilators,  and 
systemic  stimulants.  The  same  molecules  look  promising  in  virus,  cancer, 
and  bacterial  chemotherapy.  Agents  known  to  be  effective  metabolite  an¬ 
tagonists  when  tested  in  systems  involving  microorganisms  are  also  known 
pharmacological  agents,  e.g.,  caffeine  and  benzimidazole;  and,  similarly, 
chemotherapeutic  agents  are  known  metabolite  displacers,  for  example, 
guanazolo. 
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Chapter  1 8 

STEROID  AND  LIPID  ANTAGONISMS.  THYROXINE 

DISPLACERS 

1.  Plant  Hormone  Antagonisms. 

2.  Steroid  Hormone  Antagonisms. 

a.  Estrogens  and  Progesterone. 

b.  Androgens  and  Estrogens. 

3.  Lipid  Antagonisms. 

4.  Antagonists  of  Thyroxine. 

5.  Comment. 

The  biological  antagonisms  manifested  by  the  stero'd  hormones  and  the 
protein-peptide  anterior  pituitary  hormones  control  in  the  broadest  sense 
the  integration  of  the  individual  into  society.  Lack  of  hormone  balance 
represents  a  deviation  in  fundamental  antagonistic  phenomena  and  places 
the  individual  in  the  category  of  the  abnormal.  We  are  what  our  hormones 
make  us  and  therefore  we  are  the  product  of  the  constant  warfare  between 
structural  analogues.  Perhaps  at  no  other  point  in  the  physiological  econ¬ 
omy  do  comparatively  minor  modifications  in  molecular  design  produce 
such  profound  effects. 


Plant  Hormone  Antagonisms 

While  our  prime  concern  is  with  antagonisms  in  the  steroid  series  of 
hormones  associated  with  mammalian  endocrinology,  there  is  a  world  of 
similar  manifestations  of  structural  inhibition  in  the  more  primitive  types 
of  cellular  units.  As  an  example  of  this,  Kuhn  (1940)  has  found  that  the 
sex  determining  factor  in  algae  is  the  ratio  between  the  cis-  and  trans-forms 
of  dimethylcrocetin.  In  other  words,  the  sex  hormones  in  algae  are  not  two 
distinct  molecular  forms  but  rather  isomeric  types  of  one  and  the  same 

ThlS  18  d°ubtless  a  system  in  which  biological  antagonism  and 
most  likely  competitive  inhibition  dominates.  There  are  many  instances  of 
antagonism  between  cis-  and  trans-forms  in  enzymology 

(SkooTefal^w^w1?  P'ant  h°™ones  have  been  bribed 

'  k°og.et  al;>  *.942>  Wleland  et  al.,  1949).  The  first  group  observed  the 

competitive  inhibition  between  phenylbutyric  acid  and  indoleacetic  acid 

oletZme^ThiTco  antag0n|sm  between  heteroauxin  and  sodium  skat 
olesulfonate.  The  coumarm  analogue  of  heteroauxin  was  ineffective. 
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CHo— COOH 


— CH — CH — CH — COOH 


Heteroauxin  Phenylbutyric  acid 

(/3-indoleacetic  acid) 

(skatolecarboxylic  acid) 


Before  considering  the  larger  subject  of  steroid  hormone  interrelation¬ 
ships,  one  example  of  steroid  vitamin  displacement  is  to  be  considered. 
Oleson  and  VanMeter  (1949)  in  the  course  of  studying  the  stiffness  syn¬ 
drome  in  guinea  pigs  noted  that  the  curative  effect  of  ergostanyl  acetate  was 
blocked  by  7-dehydrocholesteryl  bromide.  Ten  fig  of  the  acetate  (normally 
curative)  were  rendered  ineffective  by  3  mg.  of  the  bromide  and  this  in  turn 
was  reversed  by  200  ^g  of  the  acetate.  The  competitive  inhibitory  char¬ 
acteristics  of  the  system  were  thus  established. 


Steroid  Hormone  Antagonisms 

Estrogens  and  Progesterone 

In  general,  estrogens  prepare  the  uterus  and  mammary  glands  and  sensi¬ 
tize  them  to  progesterone,  but  under  certain  conditions  antagonisms  are 
manifested.  These  antagonisms  have  been  demonstrated  using  as  test ^ysten 
the  oviduct  of  the  chick  (Hertz,  1946;  Hertz  and  Tullner,  1950),  the  rabbi 
uterus  (Robson,  1938;  Leonard  et  al.  1932;  Courier  and 

J947)*  and  IhTinductiT of  fibroid' 'tumors  of  the  uterus  of  guinea  pigs 
(  ^^he^interferencef  reaction^  'between  estrogens 

giverTboth  compounds'showed'an'OTiduct  weight  of  230  mg.  Similar  results 


Steroid  Hormone  Antagonisms 

were  obtained  using  triphenyl  methane  in  counteracting  the  effects  of  proges¬ 
terone  on  the  endometrium  and  muscle  of  the  rabbit  uterus  (Robson, 
1938).  In  fact,  the  power  of  triphenylmethane  was  as  great  as  that  of 
estrone  in  the  system  under  test.  On  the  other  hand,  in  the  case  of  the 
natural  estrogens  one  part  of  estradiol  neutralizes  the  progestational  effect 
of  40  parts  of  progesterone  (Courrier,  1945). 

The  estrogen  antagonism  of  the  progestational  effect  of  progesterone  is 
reciprocal  in  the  sense  that  progesterone  will  antagonize  the  estrogenic 
action  of  estrogens  (Zeckwer,  1946).  This  is  also  reflected  in  the  ability 
of  progesterone  to  diminish  the  sexual  activity  of  the  estrogenized  spayed 
monkey  (Ball,  1941),  an  observation  which  probably  explains  the  anaph- 
rodisiac  effect  of  progesterone  in  women  (Greenblatt,  1944). 

Androgens  and  Estrogens 

The  relationships  between  the  estrogens  and  the  androgens  is  complex. 
They  can  be  mutually  antagonistic,  synergistic,  or  indifferent.  The  inhibi¬ 
tory  power  of  testosterone  for  estrogens  and  of  estrogens  for  testosterone 
has  been  shown  in  many  ways.  The  rapid  growth  induced  by  testosterone 
in  the  comb  of  the  capon  has  been  used.  In  this  system,  Gley  and  Delor 
(1937),  Regnier  (1938),  Hoskins  and  Koch  (1939),  and  Muhlbock 
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(1938)  observed  that  the  simultaneous  administration  of  estradiol  com¬ 
pletely  blocked  the  testosterone  effect.  Miihlbock  (1938)  was  able  to 
demonstrate  the  antagonism  whether  the  hormones  were  given  parenterally 
or  administered  topically.  The  effect  of  the  estrogen  in  suppressing  the 
action  of  testosterone  was  paralleled  by  progesterone  but  not  by  estriol, 
equilenin,  or  pregnenolone. 

The  results  of  Huggins  and  Clark  (1940)  and  of  Huggins  (1943)  form 
the  groundwork  for  the  construction  of  a  logical  type  of  cancer  therapy 
through  the  use  of  sex  hormones.  They  used  as  their  test  system  the  in¬ 
crement  in  secretion  of  prostatic  fluid  caused  by  testosterone  in  the  cas¬ 
trated  dog.  Stilbestrol  blocked  this  effect.  The  clinical  use  of  stilbestrol  in 
the  management  of  prostatic  carcinoma  led  Huggins  (1943)  to  determine 
serum  acid  phosphatase  levels.  He  found  that  the  phosphatase  level  could 
be  lowered  by  estrogens  or  elevated  by  androgens.  Thus,  the  clinical  usage 
of  stilbestrol  and  other  estrogens  in  prostatic  carcinoma  represents  an  appli¬ 
cation  of  biological  antagonism.  The  use  of  testosterone  in  the  treatment  of 
mammary  cancer  is  another.  In  both  instances,  the  effect  of  the  sex  hor¬ 
mones  on  the  secondary  sex  characteristics  causes  side  actions  of  an  un¬ 
desirable  type.  Consideration  of  this  field  as  one  of  structural  displacement 
should  lead  to  the  development  of  displacers  having  no  effect  on  secondary 


sex  characteristics.  . 

The  importance  of  biological  antagonism  in  the  control  of  behavior 

characteristics  in  the  human  is  implicit  in  the  fact  that  estrogen-injected 
capons  exhibit  marked  timidity  and  lowered  aggression  (Davis  and  Domm, 
1943)  and  is  directly  demonstrated  by  the  excess  of  endogenous  androgens 
in  the  human  male  psychotic  which  intensifies  either  heterosexual  or  homo¬ 
sexual  aggression  (Hoskins  and  Pincus,  1949). 

The  ability  of  androgens  to  inhibit  the  action  of  estrogens  has  been 
demonstrated  by  various  workers  (Robson,  1938a;  Korenchevsky,  1945 
Ferin  1946;  Jamardo,  1946).  Robson  (1938a)  found  that  -0  Mg/  y 
of  testosterone  inhibited  the  estrus  cycle  of  mice.  Other  androgens  such  as 
androstanediol  and  androstanedione  also  possess  this  ,nh  b.to  y  power 
Furthermore,  the  action  of  the  androgen  is  directed  against  both  natur 

Ham,  1937).  1  he  interrelation*  v  noting.the  same 

the  androgen.  Another  and  even  more  1  P  ^  and  hypophysec- 

antagonism  in  hypophysectomize  ra  s  wi  a  locaI  0ne, 

tomized  spayed  rats  (Koch  et  al.,  1950).  The  action  n 

at  the  tissue  itself. 
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The  opposing  effects  of  estrogens  and  androgens  have  even  been  demon¬ 
strated  in  isolated  enzyme  systems  (McShan  et  al.,  1947).  Diethylstilbestrol 
inhibits  the  succinoxidase  system  of  rat  tissues  in  vitro,  whereas  androgens 
in  general  do  not.  It  is  highly  probable  that  mutual  antagonism  could  be 
demonstrated  with  this  enzymatic  system.  Another  miscellaneous  point 
concerning  future  developments  in  this  field  indicates  the  close  relationship 
between  folic  acid  and  certain  steroid  hormones.  Folic  acid  deficiency 
whether  induced  by  diet  or  displacers  nullifies  certain  actions  of  sex  hor¬ 
mones  (Chapter  12)  and  recently  Gaines  and  Totter  (1950)  have  found 
that  dehydroisoandrosterone  acetate  has  an  activity  like  that  of  pteroyl- 
glutamic  acid  for  Streptococcus  jaecalis,  Lactobacillus  casei  and  sulfona¬ 
mide  treated  Escherichia  coli.  While  this  activity  differed  from  that  of  thy¬ 
mine,  it  was  of  the  same  order  of  magnitude. 

Another  clear  line  for  future  research  in  the  field  of  steroid  hormone 
antagonists  lies  in  extension  of  observations  such  as  that  of  Csapo  (1950) 
who  found  that  the  contractile  actomyosin  system  of  the  uterus  and  its 
adenosinetriphosphatase  activity  decreased  following  ovariectomy.  Admin¬ 
istration  of  estrogens  restored  both  to  normal.  A  testing  system  of  this  type 
would  be  fundamental  and  should  represent  a  rewarding  approach. 

Finally,  the  estrogen-androgen  antagonism  has  been  demonstrated  using 
as  test  system  skeletal  changes  (Gardner  and  Pfeiffer,  1938),  the  uterus 
masculinus  (Laqueur,  1936)  and  the  male  hypophysis  (Wolfe  and  Hamil¬ 
ton,  1937).  There  seems  little  question  that  this  interrelationship  will  hold 
for  any  tissue  affected  by  either  hormone,  and  that  the  inhibitions  are  due 
to  a  direct  antagonistic  action  in  the  tissues  (Emmens  and  Parkes,  1947). 

Before  leaving  this  subject,  some  speculation  on  antagonism  and  the 
origin  and  treatment  of  diseases  such  as  rheumatoid  arthritis  seems  indi¬ 


cated.  Selye  (1946)  has  proposed  that  arthritis  is  due  to  structural  change 
in  the  joint  brought  about  by  desoxycorticosterone  toxicity.  Recently,  the 
use  of  cortisone  has  become  widespread  in  the  treatment  of  arthritis.  The 
connecting  link  may  well  be  the  opposing  effects  of  desoxycorticosterone 
and  cortisone  on  membrane  permeability  (Seifter  et  al.,  1949).  Finally 
this  opposing  effect  may  be  a  direct  competitive  displacement  phenomenon! 
a  specific  example  of  biological  antagonism. 

Recently,  Schaffenburg  et  al.  (1950)  have  presented  evidence  indicating 
that  cortisone  inhibits  the  development  of  many  of  the  manifestations  of 
scurvy  in  the  guinea  pig  while  desoxycorticosterone  aggravates  the  condi¬ 
tion.  The  suggestion  is  made  that  these  activities  are  associated  with  the 
action  of  the  hormones  on  the  mesenchymal  tissues  and  that  the  scorbutic 
guinea  pig  may  be  a  valuable  test  animal  for  the  assay  of  antiarthritic  com- 

S  i:  eVe"t'  “  should  Prove  an  excellent  approach  to  the  study  of 
steroid  hormone  antagonisms  as  elicited  at  endpoint  tissues.  Another  such 
testing  system  might  well  be  (he  rachitic  rat  in  which  the  secondary  sex 
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glands  become  atrophic.  On  treatment  with  testosterone,  the  glands  tend 
to  become  normal  and  the  weights  of  the  animals  tend  to  improve.  Both  of 
these  corrective  reactions  occur  without  modification  in  the  bone  lesions 
(Chiancone,  1937). 


Lipid  Antagonisms 

Phospholipid  antagonisms  are  manifested  when  these  complex  units 
function  as  substrates  for  lecithinase  (see  Chapter  10)  but  here  we  are 
concerned  with  mechanisms  in  which  they  seem  to  act  in  a  less  specific 
manner.  For  example,  phospholipids  inhibit  the  action  of  propamidine  on 
Staphylococcus  aureus  (Elson,  1944).  Ten  mg.  of  lecithin  is  sufficient  to 
prevent  the  growth  inhibiting  power  of  0.5  mg.  of  propamidine  in  30  ml. 
of  medium.  Phospholipids  are  also  powerful  antagonists  of  the  cationic 
detergents  (Baker  et  al.,  1941;  Quisno  et  al.,  1946;  Stuart,  1947,  Arm- 
bruster  and  Ridenour,  1947).  Whether  or  not  these  functions  of  the  lipids 
are  associated  with  structural  characteristics  held  in  common  with  the  an¬ 
tagonized  agents  remains  a  question.  While  lecithin,  cephalin,  and  sphingo¬ 
myelin  are  all  active  as  cationic  detergent  antagonists,  these  molecules  pos¬ 
sess  many  features  in  common.  The  fact  that  the  phospholipids  must  be 
added  with  or  prior  to  the  detergents  suggests  an  irreversible  and  non¬ 
competitive  antagonism. 


Antagonists  of  Thyroxine 

Consideration  of  antagonists  of  thyroxine  is  perhaps  questionable  here 
but  inasmuch  as  we  are  dealing  in  this  section  primarily  with  hormones 
some  comment  seems  in  order.  The  purine  and  pyrimidine  ™'e‘'es  us^ 
as  antithyroids  will  not  be  reviewed  here  as  they  are  presented  briefly  in 

IN  Aceiyiunu  y  Wnollpv  ( 1944)  had  proposed  that  a  series  of  anti- 

e  g  "...  b.  i  *  now  - « 

diseases  associated  with  overproduction  of  .j1  /potentially 

garded  these  thyroxine  antagonists  as  an  initial  approach  to  a  p 

broad  field.  n949)  observed  that  0-benzyl-3,5-dnodo-DL- 

tyrosi^s  .Tles'more  powerful  than  ^  =dmg  N^env, 

"xyben“d  to  belie  mol  powerful  agent  of  those  tested,  having 
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a  molar  ratio  of  inhibitor  to  thyroxine  for  50  per  cent  reduction  in  thyroxine 
effect  of  8.  This  does  not  correlate  with  the  fact  that  the  carboxylic  analogue 
of  thyroxine  has  only  10  per  cent  of  the  potency  of  the  parent  molecule 
(Frieden  and  Winzler,  1948).  The  importance  of  the  3,5-diiodo  configura¬ 
tion  is  emphasized  by  the  absence  of  activity  in  molecules  such  as  4-amsic 
acid  and  4-benzyloxybenzoic  acid. 

A  series  of  compounds  possessing  thyroxine-like  effect  was  also  investi¬ 
gated  as  inhibitors  by  Frieden  and  Winzler  (1949).  Of  these,  DL-thyroxine, 
the  glycine  homologue  of  thyroxine,  and  the  carboxylic  acid  analogue  of 
thyroxine  were  competitive  inhibitors.  3,5-Diiodo-4-(4'-hydroxyphenoxy)- 


aniline  was  not. 

One  of  the  most  interesting  phases  of  the  work  of  Frieden  and  Winzler 
(1949)  involved  the  determination  of  the  effect  of  inhibitor  analogues  of 
thyroxine  on  the  thyroxine-like  effect  of  similar  molecules.  In  general,  the 
chemical  active  against  thyroxine  was  also  active  against  the  thyroxine-like 
analogue,  but  in  the  case  of  3, 5-diiodo-4-(4'-hydroxyphenoxy) -aniline  no 
inhibition  of  the  thyroxine-like  activity  was  observed.  This  is  interpreted 
to  indicate  that  the  aniline  derivative  combines  with  reaction  sites  in  the 
enzyme  systems  involved  at  a  position  distinct  from  that  of  thyroxine  itself, 
assuming  that  thyroxine-like  active  compounds  function  as  prosthetic 
groups  or  coenzymes.  The  strictly  competitive  nature  of  the  antagonisms 
manifested  is  clear.  In  addition,  the  results  establish  the  probability  that 
the  side  chain  serves  as  the  grouping  involved  in  attachment  to  the  enzyme- 


protein  moiety,  and  that  the  orthodiiodohydroxyphenyl  ether  segment  is 
the  functional  locus  of  the  molecule. 

Recently,  the  list  of  thyroxine  antagonists  has  been  extended  and  other 
systems  of  testing  have  been  employed.  Cortell  (1949)  added  2',6'diiodo- 
thyronine  and  used  as  testing  system  the  thyroid  of  the  thiouracil  treated 
rat,  with  decrease  in  weight  of  the  gland  indicating  thyroxine  activity.  The 
compound  was  also  an  effective  inhibitor  of  thyroglobulin.  Oxygen  con¬ 
sumption  in  mice  was  used  by  MacLagen  et  al.  (1949)  as  the  experimental 
mechanism.  They  found  that  the  benzyl  ether  of  3,5-diiodo-4-hydroxy- 
benzoic  acid  of  Frieden  and  Winzler  (1949)  was  also  active  in  the  mouse 
test  and  added  one  new  molecule,  3,5-diiodoanisaldehyde-dimethylacetal, 
to  the  list  of  inhibitors  of  thyroxine.  Again,  Abelin  and  Kipfer  (1950) 
found  dibromotyrosine  an  effective  thyroxine  antagonist  in  the  rat 

Finally,  Barker  and  his  associates  (1950)  have  used  as  criteria  for  the 
es  mg  of  thyroxine-inhibitors  the  lowering  of  the  BMR  of  normal  and  of 
thyroxine  treated  thyroidectomized  rats,  and  the  reversal  of  thyroxine  de- 

veiMH  eStr°8en  resP°nsiveness-  These  different  methods  of  testing  re- 
.  t  discrepancies  in  results  comparing  one  with  another  For  example 

wht  rhPrdBMRTned  anTiStiC/°Wer  ""  “Togen  VroLTure 

with  the  BMR  ,n  normal  rats  these  same  molecules  showed  either 
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Thyroxine 


CO— CH, 


— CH-j— CHa— O- 


NH 

/  \ — CH — CH— COOH 


p-Nitrophenylethyl  ether  of  N-acetyldiiodotyrosine 


CH30 


-O- 


NH— CO— CH3 
.</  ^ — CH2 — CH — COOH 


I  1 

O-Methyl-N-acetyl-DL-thyroxine 


1 


Benzyl  ether  of  3,5-diiodobenzoic  acid 


I 


1 


3,5-Diiodo-4-(4'-hydroxyphenoxy)-aniline 

Fig.  3.  Thyroxine  and  its  antagonists. 
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Table  / 


Thyroxine  Antagonists 


Compound 

Activity 

Test 

System 

Reference 

p-Nitrophenylethyl  ether  of 
N-acetyldiiodotyrosine 

+ 

Tadpole 

metamorphosis 

Woolley,  ] 

44 

1946 

44 

p-Nitrobenzyl  ether  of 
N-acetyldiiodotyrosine 

+ 

44 

44 

Benzyl  ether  of 

N-acetyldiiodotyrosine 

+ 

44 

44 

Butyl  ether  of 

N-acetyldiiodotyrosine 

+ 

44 

O-Methyl-N-acetylthyroxine 

— 

44 

N-Acetyldiiodotyrosine 

Benzyl  ether  of  3,5,-diiodo-4-hydroxy- 
benzoic  acid 

+ 

44 

Frieden  &  Winzler, 
1949 

Benzyl  ether  of  3,5-diiodotyrosine 

+ 

Methyl  ether  of  3,5-diiodo-4-hydroxy- 
benzoic  acid 

+ 

p-Nitrophenylethyl  ether  of  3,5-diiodo- 
4-hydroxybenzoic  acid 

+ 

44 

4-Anisic  acid 

— 

4-Benzyloxybenzoic  acid 

2',  6'-Diiodothyronine 

+ 

44 

Thyroid  of 
thiouracil 
treated  rat 

44  44 

Cortell,  1949 

3,  5-Diiodoanisaldehyde 
dimethylacetal 

+ 

Mice  BMR 

MacLagen  et  al., 
1949 

Dibromotyrosine 

+ 

Rat  BMR 

Abelin  &  Kipfer, 

1  QSO 

— 

44  44 

Barker  et 

al.,  1950 

Iodinated  phenoxyacetic  acids 

+ 

Rat  BMR 

Rat  estrogen 
response 

Barker  et 

al.,  1950 

Benzyl  ether  of  3,5-diiodo-4-hydroxy- 
benzoic  acid 

+ 

44 

44 

«4 

p-Hydroxybenzyl  ether  of  3,5-diiodo- 
4-hydroxybenzoic  acid 

+ 

44 

44 

44 

N-(4'-Hydroxy-3',5'-diiodobenzoyl)- 

3,5-diiodotyrosine 

+ 

44 

44 

44 

4-Hydroxy-3,5-diiodobenzoic  acid 

+ 

44 

44 

44 

N-(  4-Hydroxy-3,5-diiodobenzoyl )  - 
3,5-diiodotyrosine 

+ 

44 

44 

44 

N-(2,5-Dihydroxyphenyl)-pyridinium 

acetate 

+ 

44 

44 

44 

2-Dimethylaminomethyl-dibenzo- 
furan  HC1 

+ 

44 

44 

44 
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slight  effects  or  none  at  all.  The  investigators  concluded  that  the  most  relia¬ 
ble  test  was  that  involving  thyroxine  treated  thyroidectomized  animals. 

Such  difference  in  tissue  sensitivity  may  reflect  slight  variations  in  the 
receptor  sites  for  the  thyroxine  molecule,  a  phenomenon  not  uncommon  in 
view  of  biological  antagonism  as  applied  to  pharmacology.  It  may  also 
mirror  variation  in  tissue  concentrations  of  certain  of  the  enzymes  for  which 
thyroxine  functions  as  a  cofactor  or  coenzyme.  Barker  et  al.  ( 1950)  suggest 
that  the  theoretical  proposal  of  Harington  (1948)  to  the  effect  that  thy¬ 
roxine  analogues  might  inhibit  release  by  the  anterior  pituitary  thyrotrophic 
hormone  is  not  involved,  since  those  experiments  using  thyroidectomized 
animals  give  parallel  results  and  the  pituitary  could  not  exert  an  indirect 
role. 

The  results  of  Abelin  and  Kipfer  (1950)  are  questioned  by  Barker  and 
his  associates  who  could  find  no  activity  in  either  diiodotyrosine  or  dibro- 
motyrosine,  although,  4-hydroxy-3,5-diiodobenzoic  acid  was  effective.  The 
potency  of  N-(4-hydroxy-3,5-diiodobenzoyl)-3,5-diiodotyrosine,  N-(2,5- 
dihydroxyphenyl)-pyridinium  acetate  and  2-dimethylaminomethyl-dibenzo- 
furan  hydrochloride  as  thyroxine  inhibitors  is  a  finding  which  renders  futile 
any  immediate  discussion  of  the  design  of  biological  antagonists.  These 
molecules  have  no  clear  point  of  structural  similarity  to  thyroxine  and  yet 
are  displacers. 


Comment 

The  most  striking  impression  obtained  from  a  study  of  steroid  hormones 
and  of  thyroxine  and  their  respective  antagonists  is  the  relativity  of  speci¬ 
ficity  in  each  category.  The  number  of  molecular  modifications  possessing 
androgenic  or  estrogenic  potency  is  so  large  that  one  perceives  an  extensive 
effort  on  the  part  of  nature  to  protect  the  animal  from  possible  failure  of 
adequate  supply  of  these  elements  essential  to  normality.  Further,  the 
multiple  antagonisms  of  the  natural  steroid  hormones  reemphasize  the  care 
of  nature  in  providing  a  delicate  balance.  This  is  a  sphere  in  which  the 

theory  of  biological  relativity  is  dominant. 

Studies  of  hormonal  mechanisms  in  lower  animals  have  revealed  sex 
determination  associated  with  cis-  and  trans-isomers.  In  mammalian  sys¬ 
tems,  slight  molecular  variations  bring  about  profound  changes  in  the  ettec 
of  the  basic  steroid  nucleus.  A  single  molecule  can  function  as  an  androgen, 
estrogen,  or  progestational  moiety  depending  upon  circumstances  Fur  e 
more,  estrogens  and  androgens  may  under  certain  con  i  !°ns  for  the 
nistic  synergistic,  or  indifferent.  It  is  probable  that  the  effector  sites  for  the 
steroid  hormones  vary  slightly  from  tissue  to  tissue  and  thus  a  given  mo- 
lecular  unit  might  reverse  the  action  of  another  at  one  si  e 
next.  The  factof  of  concentration  of  affected  moiety  will  also  come  into  play. 


Comment 
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Whether  the  steroid  is  involved  in  an  enzymatic  concatenation  or  acts 
directly  on  endpoint  protein  units,  the  number  of  effector  sites  in  that  tissue 
will  determine  the  comparative  quantitative  response. 

The  use  of  estrogens  in  the  treatment  of  prostatic  carcinoma  and  o 
androgens  for  mammary  cancer  is  usually  accompanied  by  unpleasant  side- 
effects  associated  with  the  secondary  sexual  characteristics.  The  application 
of  principles  of  biological  antagonism  should  lead  to  the  development  of 
displacing  agents  for  the  responsible  steroid  hormone  which  in  themselves 

are  inert  and  therefore  produce  no  side-effects. 

While  proof  has  been  presented  eliminating  indirect  action  via  the 
pituitary  as  the  basis  of  steroid  hormone  antagonisms,  this  does  not  mean 
that  the  trigger  mechanisms  for  the  formation  and  secretion  of  these  factors 
would  not  respond  to  analogues  and  homologues  of  the  natural  principles. 
This  should  prove  a  fruitful  field  for  future  endeavors. 

With  thyroxine,  the  same  general  situation  obtains.  The  structural 
specificity  of  thyroxine  is  only  relative  and  biological  antagonists  exist  which 
seem  to  bear  little  structural  similarity  to  the  hormone.  The  theory  of 
biological  relativity  states  that  in  biological  systems  everything  is  relative. 
That  it  applies  to  the  thyroxine  system  is  certain.  Again,  as  with  the  steroid 
hormones,  we  find  thyroxine  inhibitors  effective  in  one  test  system  and  not 
in  another.  Further,  a  single  displacing  agent  may  be  effective  against  one 
thyroxine  or  thyroxine-like  molecule  and  not  against  another.  Structural 
configuration  of  receptor  sites  in  enzyme  systems  or  on  end  structures  un¬ 
doubtedly  varies  in  some  degree. 

The  study  of  biological  antagonism  has  to  date  considered  the  key  and 
given  relatively  little  attention  to  the  lock,  the  receptor  site  structure.  These 
receptor  site  structures  must  in  general  be  surface  configurations  on  protein 
molecules  which  have  as  their  basic  structure  the  peptide  union  and  as  their 
variable  element  the  moiety  other  than  the  amino  group  attached  to  the 
alpha  carbon  of  every  amino  acid.  An  approach  has  been  made  to  this 
important  aspect  via  the  hapten  interference  reaction  of  the  antigen-anti¬ 
body  system  (Chapter  10). 

It  seems  appropriate  to  close  this  chapter  by  restating  the  premise  that  in 
steroid  hormone  antagonisms  we  have  one  of  the  few  balancing  mechanisms 
which  can  be  directly  correlated  with  psychiatric  states.  The  medical 
scientist  has  failed  in  general  to  provide  pathways  into  the  complex  bio¬ 
chemistry  of  the  brain  functioning  as  the  center  of  memory  and  association. 
That  sexual  perversion,  for  example,  can  be  traced  directly  to  a  failure 
of  adequate  balance  of  hormonal  antagonists  seems  certain.  It  is  highly 
probable  that  future  study  of  hormonal  antagonism  will  reveal  the  underly¬ 
ing  mechanism  of  many  psychiatric  states. 

The  knife  edge  of  hormonal  balance  is  antagonism  and  the  crux  of 
psychological  normality  is  probably  hormonal  balance. 
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ION  ANTAGONISMS,  INORGANIC  METABOLITE 

ANTAGONISTS 


1.  Physicochemical  Studies  of  Ion  Antagonisms. 

2.  In  Vitro  Studies  Involving  Systems  Other  than  Bacterial. 

3.  In  Vitro  Studies  Involving  Bacterial  Systems. 

4.  In  Vitro  Studies  with  Enzymes. 

5.  In  Vivo  Studies  of  Ion  Antagonism. 

6.  Chelation. 

7.  Comment. 


Anions  and  cations  and  their  combinations  constitute  about  1  per  cent  of 
the  mass  of  the  body.  Of  the  98  elements  listed  today,  1 8  or  nearly  20  per 
cent  are  essential  for  one  species  or  another.  The  group  includes:  fluorine, 
iodine,  chlorine,  calcium,  magnesium,  sodium,  potassium,  phosphorus,  iron, 
copper,  cobalt,  zinc,  manganese,  sulfur,  nitrogen,  hydrogen,  carbon,  and 
oxygen.  Another  series  of  elements  found  by  analysis  in  biological  materials 
may  well  be  important  physiologically;  also  of  importance  from  the  stand¬ 
point  of  ion  antagonism  are  those  elements  not  found  in  the  body.  A 
biological  periodic  table  has  been  constructed  (Steinberg,  1938)  and  an 
attempt  made  to  explain  the  essential  elements  on  the  basis  of  atomic 

number  and  similar  physical  correlations. 

Bv  way  of  an  introduction  to  inorganic  metabolite  antagonists,  t  e 

multiplicity  of  functional  mechanisms  of  the  elements  can  only  be  indicated 
Thus  copper  is  a  constituent  of  respiratory  pigments  known  as  hemocyanms 
and  is  a  component  of  enzymes  such  as  tyrosinase,  laccase,  and  ascorb 
“id  oxidase,  iron,  a  member  of  the  same  group  in  the  I—  table  a 
component  of  catalase,  peroxidase,  verdoperox.dase  cytochromes, ^  cyto 
chrome  oxidase,  and  cytochrome  peroxidase.  In  these  'nstances  the  dem  n 
is  part  of  a  prosthetic  grouping  which,  °  n a 

tsssrissrs  ~ 


so  on. 
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Physicochemical  Studies  of  Ion  Antagonisms 

Electrolyte  balance  is  the  controlling  factor  in  protoplasmic  colloidal 
states.  Finally,  certain  elements  are  essential  structural  components  of  the 
body  forming  the  bone  salts. 

It  is  apparent  then  that  inorganic  metabolite  antagonists  might  function 
in  any  one  of  several  ways: 

1.  By  preventing  the  formation  of  an  enzyme  for  which  a  given  element 
is  essential; 

2.  By  preventing  the  action  of  the  enzyme  once  formed  assuming  that 
the  position  of  the  element  in  the  complex  was  of  functional  importance; 

3.  By  preventing  the  action  of  a  given  element  through  displacement  of 

its  function  as  a  cofactor; 

4.  By  altering  colloidal  protoplasmic  states;  and 

5.  By  preventing  incorporation  of  the  element  into  bone  or  other 
structural  elements  of  the  body. 

Physicochemical  Studies  of  Ion  Antagonisms 

The  same  basic  mechanisms  which  determine  displacement  ratios  in 
complex  molecular  systems  are  also  operative  in  ion  antagonisms.  With 
ions,  we  have  the  entire  science  of  physical  chemistry  to  rely  upon  for 
knowledge  of  surface  chemistry,  interfacial  tension,  ionic  strength,  dis¬ 
sociation  constants,  and  similar  factors  determining  the  behavior  of  the 
antagonistic  principles. 

The  work  of  Clowes  (1916)  involved  the  indirect  determination  of 
interfacial  tension.  He  studied  the  effect  of  ions  in  an  experimental  system 
consisting  of  a  rancid  olive  oil  flowing  from  the  tip  of  a  stalagmometer.  By 
counting  the  numbers  of  droplets  formed  by  a  given  volume  of  the  oil,  he 
obtained  a  reflection  of  interfacial  tension.  In  this  system,  sodium  chloride 
decreased  interfacial  tension  with  resultant  formation  of  small  drops;  cal¬ 
cium  chloride  had  the  reverse  effect.  When  the  sodium  and  calcium  salts 
were  mixed,  the  interfacial  tension  of  the  rancid  oil  was  not  affected  and  the 
droplets  were  of  the  same  size  as  those  formed  in  the  absence  of  the  salts. 
This  was  the  first  demonstration  of  the  phenomenon  known  as  ion  antago¬ 
nism.  Similar  observations  were  later  made  by  Harkins  and  Zollman  (1926) 


Table  1 

Interfacial  Tensions  as  Influenced  by  Electrolyte  Concentrations 


Exp.  No. 

Concentration  of 

I nter facial  Tension 

NaOH 

NaCl 

CaCl. 

Olive  Oil  (ergs 
per  sq.  cm.) 

Paraffin  Oil  (ergs 
per  sq.  cm.) 

1 

0.001  M 

7.3 

7.2 

2  ...  . 

0.001  M 

0.15  M 

0.002 

0.00 

3 . 

0.001  M 

0.0015  M 

9.88 

9.65 

4  .  . 

0.001  M 

0.15  M 

0.0015  M 

6.88 

7.48 
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who  reported  the  figures  in  Table  1  for  interfacial  tensions  correlated  with 
salt  concentrations. 

It  is  not  intended  that  this  chapter  should  review  the  entire  scope  of  the 
field  of  ion  antagonists.  For  this,  the  volume  of  Hober  et  al.  (1945)  is 
recommended.  The  purpose  of  our  discussion  is  to  summarize  and  indicate 
the  scope  of  experimental  efforts  in  their  application  to  the  broader  aspects 
of  biological  antagonism.  This  is  particularly  true  of  this  purposefully  brief 
consideration  of  the  physical  chemistry  of  ion  interrelations. 

Many  investigators  have  used  the  precipitation  of  colloidal  sols  for  the 
study  of  ion  antagonism.  In  this  connection,  from  his  study  of  sol  precipita¬ 
tion  Weiser  (1926)  suggested  that  biological  antagonism  of  salt  pairs  was 
conditioned  by  their  effect  on  the  permeability  of  the  cell  membrane.  The 
first  comprehensive  report  on  sol  precipitation  was  that  of  Freundlich  and 
Scholz  (1922),  who  concluded  that  the  hydration  of  the  sol  and  of  the 
precipitating  ions  is  of  primary  importance  in  determining  whether  or  not 
the  precipitating  action  of  mixtures  will  be  additive.  Beyond  the  effect  of 
hydration,  two  other  factors  came  into  play;  namely,  the  antagonistic  action 
of  each  precipitating  ion  on  the  adsorption  of  the  other  and  the  stabilizing 
influence  of  ions  having  the  same  charge  as  the  sol.  In  this  same  vein,  Dhar 
and  his  co-workers  (1924,  1925)  reached  a  somewhat  different  conclusion. 
They  felt  that  the  precipitation  of  negative  sols  by  mixtures  of  salts  was 
based  more  upon  the  stabilizing  action  of  anions  in  bringing  about  a  de¬ 
parture  from  an  additive  relationship  than  it  was  upon  cation  antagonism. 

Zeta  potential  (electrokinetic  potential)  was  studied  by  Bull  and  Gortner 
(1931)  who  initially  reported  no  antagonistic  effects  by  ions  but  later  re- 
calculated  the  values  in  terms  of  absolute  charge  on  die ^surface  and  noted 
marked  ion  antagonisms  between  NaCl:MgCl2,  KCl.Mg  2,  a  .  . 

NaCl'CaClj,  KCl:CaCl2,  and  CaCl2:MgCl2.  They  felt  that  the  ratio  ot 
ions  contributing  to  the  absolute  charge  at  the  interface  was  at  least  one  of 
the  determining  factors  in  the  ion  antagonisms  seen  m  biological  systems. 

In  Vitro  Studies  of  Ion  Antagonism  Involving  Systems 
Other  than  Bacterial 

The  oresentation  of  work  in  this  field  is  difficult  because  it  cannot  be 

isotoffic'sodiu^chloridc  solutions  on  the  irritability  "d^t  ^ 
,  f  V  v^nrthpM  The  toxic  action  could  be  antagomzeu  uy  i 
on  the  frog  s  heartbeat.  I  t  sium  Ringer  therefore  in- 

dition  of  small  quantities  of  calcium  or  /"  Xsiolo gical  phenomenon, 
troduced  the  concept  of  ion  antagonism  as  a  p  y  8  P  Loeb  and 

The  classical  work  on  cellular  permeability  to  ions 
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his  collaborators  on  the  minnow,  Fundulus.  The  first  work  of  Loeb  (1901, 
1902,  1902a)  demonstrated  that  the  Fundulus  egg  would  not  develop  into 
an  embryo  if  the  egg  was  exposed  to  a  sodium  chloride  solution  having  the 
same  concentration  as  sea  water.  Calcium  chloride  added  in  the  ratio  of 
moles  of  calcium  salt  to  200  of  the  sodium  salt  reversed  this  toxic  action. 
Small  concentrations  of  other  bivalent  cations  had  an  effect  similar  to  that 
of  calcium.  The  most  striking  aspect  of  Loeb’s  observations  was  that  the 
concentration  for  optimum  ratio  of  sodium  chloride  to  calcium  chloride  was 
approximately  the  same  as  it  is  in  nature,  i.e.,  in  sea  water  or  in  the  blood 
of  animals. 

Later,  Loeb  and  Wasteneys  (1911)  found  that  Fundulus  dies  rapidly  in 
pure  potassium  chloride  solution  in  the  concentration  normally  occurring 
in  sea  water  and  that  sodium  chloride  counteracted  this  lethal  action.  In 
1916,  Loeb  added  lithium,  magnesium,  barium,  strontium,  and  calcium  to 
the  list  of  cations  bringing  about  the  recovery  of  potassium  poisoned 
embryos.  Rubidium  and  cesium  prevented  recovery.  This  latter  finding  is 
important  in  view  of  the  observations  of  Follis  (1943)  who  found  that 
rubidium  and  cesium  were  capable  of  replacing  potassium  in  some  degree 
in  the  nutrition  of  the  rat. 

Potassium  poisoning  of  the  heart  of  the  fundulus  embryo  is  markedly 
affected  by  anions  (Loeb  and  Cattell,  1915).  The  efficiency  of  recovery 
caused  by  sodium  salts  varied  with  the  anion  as  follows:  citrate  >  sulfate  > 
tartrate  >  acetate  >  I  >  Br  >  Cl  >  N03.  The  effect  of  the  addition  of 
sodium  salts  on  the  toxic  action  from  the  standpoint  of  initiation  as  opposed 
to  recovery  led  to  the  same  anionic  series.  The  result  on  the  behavior  of 
Fundulus  was  interpreted  on  the  assumption  that  the  diffusion  of  potassium 
presupposes  an  anionic  colloidal  membrane  component  which  combines 
with  potassium,  and  further  that  anions  will  inhibit  this  combination,  es¬ 
pecially  divalent  and  trivalent  ones.  Results  of  this  type  can  be  interpreted 
as  manifestations  of  altered  membrane  permeability  or  as  being  due  to 
direct  action  of  ions  on  muscle  fibers  of  the  heart. 

Using  the  eggs  of  another  type  of  sea  urchin  ( Arbacia ),  McCutcheon 
and  Lucke  (1928)  studied  the  effects  of  ions  on  permeability  of  the  eggs. 
They  induced  an  increased  permeability  by  allowing  the  eggs  to  swell  in 
pure  hypotonic  dextrose  solutions;  addition  of  calcium  in  a  concentration  of 
about  0.001  M  brought  the  permeability  constant  back  to  normal.  Sodium 
and  potassium  when  added  to  the  nonelectrolyte  medium  had  no  effect,  but 

when  added  in  the  presence  of  calcium  they  antagonized  the  action  of  the 
divalent  ion. 


From  these  various  reports,  it  is  apparent  that  under  certain  conditions 
a  monovalent  ton  can  antagonize  another,  as  in  the  case  of  sodium  and 
potass, urn  on  Fundulus  (Loeb  and  Wasteneys,  1911).  On  the  other  hand 
a  monovalent  ton  can  antagonize  a  divalent,  as  in  the  results  just  discussed 
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involving  Arbacia  eggs  (McCutcheon  and  Lucke,  1928).  In  the  systems 
under  consideration,  it  is  not  possible  to  determine  the  basis  for  the  antago¬ 
nisms;  hence  any  attempt  to  correlate  with  valence  is  futile.  Lucke  and 
McCutcheon  (1929)  extended  their  investigations  on  permeability  of 
Arbacia  eggs,  and  found  that  increasing  the  valence  of  the  cation  beyond 
two  in  the  series  of  cobaltamine  chlorides  had  no  added  effect  in  inhibiting 
the  rate  of  penetration  of  water  into  the  eggs  when  they  were  suspended 
in  a  nonelectrolyte  solution.  If  sulfate  (which  accelerated  the  penetration  of 
water)  was  added  to  the  medium,  the  effect  of  the  cobaltamine  chlorides  in 
reducing  the  rate  of  penetration  below  that  in  the  nonelectrolyte  solution 
containing  sulfate  increased  with  the  valence  up  to  the  six  valent  ion.  In  ad¬ 
dition  to  sulfate,  tartrate  and  citrate  caused  an  acceleration  of  the  uptake 
of  water.  In  fact,  they  found  that  the  valence  rule  applied — increasing  the 
valence  of  the  anion  produced  greater  acceleration.  These  authors  con¬ 
cluded  that  the  antagonisms  observed  between  salts  consisted  of  the 
interrelation  of  cation  and  anion,  the  former  decreasing  permeability  and 
the  latter  increasing  it. 

Another  study  tending  to  establish  the  antagonism  of  divalent  and  mono¬ 
valent  ions  where  the  test  system  involved  permeability  was  that  of  Fukuda 
(1935),  who  used  the  eggs  of  Anthocidaris  crissispina  and  Pseudocentrotus 
depresses.  In  general,  his  results  demonstrated  an  antagonism  between 
calcium  and  sodium  and  also  between  magnesium  and  sodium.  Again  the 
report  of  Baptiste  (1935)  using  potato  and  carrot  disks  for  the  study  of 
permeability  placed  the  divalent  cations  as  antagonists  of  the  monova 
Ls.  Similarly,  the  studies  of  Osterhout  (1911)  with  Sp.rogyra  celh erf 
Brooks  (1916  1917)  with  Taraxaxum  and  Laminaria  leaves,  o  g 

U919  using  TraJescanna,  and  of  Kahho  (1921)  using  lupin  roots  have 
firmly  establfshed  the  fact  that  sodium  chloride  increases  permeability  to 
salts  and  that  this  effect  is  antagonized  by  calcium  chloride. 

The  experiments  discussed  so  far  involved  either  .solate * 

urchin  eggs  or  other  intact  cells  ^925)  were  able  to 

manipulation  apparatus,  Cham  e  .  They  founJ  that  injections 

study  the  antagonistic  action  °  10n  linuefaction  of  the  protoplasm 

of  sodium  or  potassium  chloride  caused  a  hque  action  o  P^  ^ 

surrounding  the  area.  With  calcium  chlon  .  ^  ^  ameba  pinchcd 

plasm  shifted  to  the  gel  stage,  ccame  m  ’  j  ,he  gelation,  no 

off  and  rejected  the  area.  While  magnesium  "caused  the  ^ 

pinching  off  occurred  and  the  so  1  1  cu  chloride  or  potassium 

resultant  death.  When  sodium  chloride  ^/^“no  effect  was 
chloride  and  calcium  chloride  were  inJe  alteration  in  the  type  of 

observed.  Interfacial  tension  p  e"°mex  ^in  the‘e  observations.  Chambers 

^^rh;r"^ted  the  findings  in  an  important  series  of 
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papers  dating  from  1927  to  1937  (Reznikoff  and  Chambers,  1927;  Cham¬ 
bers  and  Pollack,  1927;  Chambers  et  ah,  1937). 

In  general,  the  results  of  Heilbrunn  and  his  co-workers  (1932,  19J4J 
confirm  those  of  Chambers  and  Reznikoff  (1925)  and  add  certain  quantita¬ 
tive  data.  For  example,  using  Amoeba  dubia,  sodium  chloride  increased 
the  viscosity  of  protoplasm  by  41  per  cent,  potassium  chloride  by  21  per 
cent;  magnesium  chloride  decreased  viscosity  by  32  per  cent  and  calcium 
chloride  by  35  per  cent.  Here  is  the  typical  antagonistic  effect  of  monovalent 
and  divalent  cations,  but  in  the  case  of  Amoeba  proteas ,  magnesium, 
sodium,  and  potassium  all  decreased  viscosity  while  calcium  still  increased 
it.  The  valence  rule  does  not  hold  here  and  one  is  led  to  conclude  that  ion 


antagonisms  involved  in  enzymatic  action  may  well  play  the  decisive  role. 

Still  another  testing  mechanism  for  ion  antagonism  involved  the  use  of 
seeds  and  plants.  The  seaweed,  Laminaria,  was  used  by  Osterhout  and  his 
associates  (1914),  who  determined  increased  specific  conductivity  on  the 
addition  of  sodium  salts  and  decreased  conductivity  from  calcium  salts.  In 
living  things,  there  is  doubtless  a  delicate  balance  and  the  protoplasm  can 
shift  either  toward  sol  or  gel  upon  relatively  slight  changes  in  electrolyte 
concentrations.  The  shift  would  be  related  to  the  conductivity. 

Studies  of  erythrocyte  permeability  deserve  special  consideration  due  to 
the  tremendous  importance  of  this  biophysical  phenomenon.  Davson  (1939, 
1940,  1940a)  investigated  this  problem  extensively.  He  found  that  the 
membrane  of  the  cat  erythrocyte  responded  in  two  different  ways  depending 
on  whether  sodium  or  potassium  permeability  was  the  point  under  in¬ 
vestigation.  Hypotonicity  caused  an  increase  of  permeability  to  potassium 
and  decrease  of  permeability  to  sodium.  Hypertonicity  had  the  reverse 
effect  in  each  case.  In  concentrations  of  0.01  M  and  over,  calcium  ac¬ 


celerated  the  rate  of  penetration  of  potassium;  in  lower  concentrations,  it 
had  no  effect.  Magnesium  showed  an  irregular  effect  and  strontium  and 
barium  retarded  potassium  permeability  in  all  concentrations.  The  action 
of  calcium  was  subsequently  found  to  depend  on  the  Na:K  ratio;  a  high 
ratio  caused  calcium  to  inhibit  potassium  permeability  while  a  low  ratio 
caused  only  acceleration  or  had  no  effect.  In  this  case,  there  seems  to  be  an 
antagonism  between  sodium  on  the  one  hand  and  potassium  and  calcium 
on  the  other.  The  general  rule  that  divalent  ions  are  antagonistic  to  the 
monovalent  does  not  hold  in  this  study. 

Similarly  from  his  studies,  Davson  found  that  the  effect  of  ions  on 
membrane  permeability  to  sodium  undergoes  a  change  as  the  ionic  environ¬ 
ment  is  modified.  Barium  and  strontium  decrease  permeability  of  the 
membrane  to  potassium  and  increase  it  for  sodium.  Calcium  elevates 
potassium  permeability  at  certain  concentrations  and  has  no  effect  at  others- 

sii7rar;.above  ao°' M>  this 


418 


Ion  Antagonisms,  Inorganic  Metabolite  Antagonists 


Muscle  fibers  in  general  can  be  regarded  as  cells  impermeable  to  sodium 
and  anions  and  permeable  to  potassium.  Overton  (1904)  noted  that  there 
was  no  increase  in  weight  of  isolated  muscles  when  soaked  in  0.7  per  cent 
sodium  chloride;  reduction  of  the  concentration  to  0.6  per  cent  caused  the 
muscle  to  swell;  increase  to  0.9  per  cent  resulted  in  a  shrinkage.  Isotonic 
solutions  of  potassium  salts  could  be  divided  into  two  classes:  one,  con¬ 
sisting  of  the  chloride,  bromide,  nitrate,  and  iodide  caused  an  irreversible 
swelling;  the  other,  consisting  of  sulfate,  phosphate,  tartrate,  ethylsulfate, 
and  acetate  allowed  the  muscle  to  maintain  its  normal  weight.  Isotonic 
calcium  chloride  caused  an  irreversible  shrinking,  but  a  mixture  of  sodium 


and  calcium  chlorides  enabled  the  muscle  to  maintain  a  constant  weight. 

In  general,  the  experimental  findings  on  permeability  or  on  sol-gel  trans¬ 
formation  can  be  explained  in  accordance  with  the  theory  of  Damelli 
(1943),  interpreting  the  mechanism  whereby  sodium  ions  increase  and 
calcium  ions  decrease  water  solubility  in  the  cell  membrane  as  one  of 
closer  packing  produced  by  calcium  ions  through  two  factors:  ( 1 )  increased 
lateral  adhesion  due  to  reduction  in  thickness  of  the  ionic  double  layer  of 
the  cell  membrane,  and  (2)  increased  lateral  adhesion  due  to  the  cross- 
bindirm  action  of  the  divalent  cation  on  monovalent  membrane  anions. 
Danielli  admits  the  limitations  of  this  concept,  which  does  not  take  into 
account  the  specific  effects  on  the  membrane  of  the  cell  by  each  ion 

The  affinity  of  any  given  cation  for  the  anionic  receptor  sites  o  e  c 
membrane  should  be  a  function  of  its  ionic  activity.  The  situation  wil 
parallel  .hat  seen  in  ion  exchange  systems  with  synthetic  resms  m  wh.chat 

equilibrium  the  activity  ratio  of  the  two  ions  (t.e.,  Ca,  Na) 

in  solution  and  on  the  resin.  In  the  biological  system,  the  ratio  of  calc.un 

,o  sodium  ions  fixed  on  the  cell  wall  or  combined  w.th  protem  of 

£  m^zymatic  system.  The 

SP  WhUe^Ueradon  of  almost  any 

meability,  it  seems  certain  th^chmtge  m  _  he^  ^  on  hyaluronidase 

such  as  hyaluronidase  wou  ■  profoundly  increases  rate  of  de¬ 

activity  is  marked.  For  instance  so  P  e  (Meycr,  1947).  On  the 
polymerization  of  hyaluronic  ac  y  of  the  hyaluronidase  in- 

other  hand,  magnesium  is  essen*‘‘  t  a^  1949).  It  is  probable 

hibitor  activity  of  human  blood  (Freeman  et  at., 
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therefore  that  ion  balance  will  be  an  important  determinant  factor  in  the 
kinetics  of  enzymes  involved  in  the  control  of  permeability  and  that  the 
rate  of  enzyme  action  as  modified  by  a  specific  ion  forms  the  explanation 
for  those  instances  of  divergence  from  the  valence  rule. 

In  Vitro  Studies  of  Ion  Antagonism  Involving  Bacterial  Systems 

It  is  not  surprising  that  the  phenomenon  of  ion  antagonism  should  be 
a  powerful  factor  in  bacterial  systems.  Flexner  (1907)  first  studied  this 
problem  using  the  meningococcus  as  the  test  system.  He  found  that  sodium 
chloride  was  toxic  and  that  the  toxicity  was  neutralized  by  calcium  or  po¬ 
tassium.  Extension  of  the  work  of  Flexner  led  Eisler  (1909)  to  the  dis¬ 
covery  that  lithium  chloride  was  toxic  to  Bacillus  subtilis,  an  effect  counter¬ 
acted  by  divalent  but  not  by  monovalent  salts.  In  the  case  of  toxic  divalent 
salts,  he  reported  reversal  by  both  mono-  and  divalent  cations. 

Later,  Winslow  and  his  co-workers  (1928,  1931)  and  Falk  (1923) 
took  up  this  line  of  investigation  and  worked  out  quantitative  relationships 
between  monovalent  and  divalent  salts  as  reflected  in  their  toxicity  for  bac¬ 
teria.  For  example,  a  solution  containing  0.145  M  calcium  chloride  plus 
0.290  M  sodium  chloride  was  highly  toxic  to  Escherichia  coli,  whereas  a 
solution  of  0.145  M  calcium  chloride  and  0.680  M  sodium  chloride  was 
nontoxic.  Winslow  and  Dolloff  (1928)  inclined  to  the  view  that  the  ap¬ 
parent  antagonistic  effect  of  monovalent  and  divalent  salts  was  due  to  the 
production  of  a  more  favorable  ionic  concentration  for  bacterial  survival, 
rather  than  to  a  qualitative  antagonism  between  two  cations. 

Recently,  attempts  have  been  made  to  relate  ion  antagonisms  to  the  spe¬ 
cific  nutritional  requirements  of  bacteria.  MacLeod  and  Snell  (1950)  pre¬ 
sent  the  thesis  that  ions  antagonistic  to  growth  of  bacteria  are  often  so 
because  of  competitive  displacement  of  an  essential  element  from  the  sur¬ 
face  of  an  enzyme.  The  overall  effect  of  a  given  ionic  milieu  will  depend 
upon  ratio  and  not  upon  absolute  concentrations  of  any  given  element. 

In  1948,  MacLeod  and  Snell  investigated  the  effect  of  ions  related  to  potas¬ 
sium,  using  lactic  acid  bacteria  as  the  testing  system.  On  a  medium  deficient 
in  potassium  and  relatively  free  of  sodium  and  ammonium  ions,  they  found 
that  proper  K+  supplementation  permitted  excellent  growth  in  five  strains 
of  lactic  acid  bacteria.  Sodium  and  ammonium  ions  were  competitive  antago¬ 
nists  of  potassium.  Cesium  ions  would  not  replace  potassium  for  any  of  the 
organisms  under  test,  and  with  Lactobacillus  arabinosus  it  acted  as  a  dis¬ 
placer.  Rubidium,  on  the  other  hand,  replaced  potassium  totally  with 
Lactobacillus  casei  and  Streptococcus  faecalis,  partially  with  Leuconostoc 
mesenteroides  9135  and  Lactobacillus  arabinosus,  and  failed  as  a  replace¬ 
ment  with  Leuconostoc  mesenteroides  8042.  Rubidium  in  relatively  higher 
concentration  with  Leuconostoc  mesenteroides  and  Lactobacillus  arabino¬ 
sus  acted  as  a  competitive  antagonist  for  potassium.  With  those  organisms 
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for  which  rubidium  replaced  potassium,  the  rubidium  was  capable  of  com¬ 
petitively  reversing  the  toxic  action  of  sodium  or  ammonium  ions.  Still 
another  metal  ion  was  used,  namely  Li  +  ,  and  it  was  found  that  its  toxicity 
was  unrelated  to  potassium  nutrition,  and  could  be  prevented  by  ammonium 
or  sodium  ions  over  a  narrow  concentration  range. 

It  should  prove  interesting  to  ascertain  the  effects  of  some  divalent  and 
trivalent  cations  in  the  bacterial  systems  studied  by  these  investigators.  It 
seems  highly  probable  that  K+  as  the  nutritionally  essential  ion  is  displaced 
competitively  from  an  enzyme  surface  site  by  Na+,  Cs+,  and  NH:j+  and 
that  under  certain  conditions  Rb+  replaces  potassium  in  the  nutrition  of 
some  bacteria  and  with  other  bacteria  competitively  displaces  it.  The 
actions  of  rubidium  ions  indicate  slight  modifications  in  receptor  sites  for 
potassium  ions  on  enzyme  surfaces.  It  is  interesting  that  rubidium  is  known 
to  replace  potassium  in  isolated  enzyme  systems  (Lwoff  and  Ionesco, 
1947),  and  partially  to  replace  it  in  the  nutrition  of  the  rat  (Follis,  1943). 
This  represents  an  excellent  example  of  biological  relativity  on  the  plane  of 
the  atom  itself.  The  relativity  of  biological  systems  extends  from  the  com¬ 
plex  virus  to  the  simple  element  and  is  a  concept  universal  in  scope. 

Recently,  MacLeod  and  Snell  (1950a)  observed  that  Lactobacillus 
arabinosus  will  grow  well  on  a  synthetic  medium  containing  KJ  and  Mn 
as  the  only  metallic  ions.  Using  this  medium  supplemented  with  an  excess 
of  K+  but  only  small  amounts  of  Mn+  +  ,  they  were  able  to  demonstrate 
the  competitive  displacement  of  the  essential  manganese  by  zinc  ions. 
Mg+  +  ,  Ca+  +  ,  and  Sr++  also  reversed  the  zinc  inhibition,  but  not  one  of 
these  elements’ replaced  Mn++  for  growth.  The  explanation  offered  is  that 
of  the  multiple  functions  of  Mn++  as  an  enzyme  activator,  some  but  not  all 
are  duplicated  by  other  ions  such  as  Mg+  +  ,  Ca"1  : ,  and  SU  4  .  This  would 
account  for  the  reversal  of  zinc  toxicity  in  the  absence  of  capacity  on  the 


part  of  the  reversing  ion  for  complete  replacement  of  manganese. 

MacLeod  and  Snell  (1950a)  assumed  that  manganese  requirements  of 
Lactobacillus  arabinosus  should  be  reduced  in  the  presence  of  the  ions  ot 
magnesium,  calcium,  or  strontium  and  this  proved  to  be  true.  The  entire 
picture  then  reduces  itself  to  one  of  the  normal  format, on  of  an  enzymati¬ 
cally  active  manganese  metalloprotein  or  to  the  formation  of  an  inactive 
zinc  metalloprotein,  and  the  effect  other  ions  have  on  these  metal  com- 

P'CAga'in, 'strain  variation  in  the  interchangeability  of  ions  is  seen  With 

LaclbaciUus  arabinosus.  Mg-,  Ca-  and  Sr-  Tl^his  ’elITcr 
Lactobacillus  pentosus  Mg-  and  Ca-  but  no  Sr-  < exert  th.seffect, 
and  with  Leuconostoc  mesenteroides  only  Mg-  +  will  unct  om  The  re 
center  site  for  the  ion  on  the  protein  surface  must  be  delicately  and  elec 
lively  modified  to  permit  these  variations.  It  will  be  most  interes  ing 
ing  of  the  bacteria  creates  or  eliminates  the  selectivi  y. 


In  Vitro  Studies  of  Ion  Antagonism  with  Enzymes 
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In  Vitro  Studies  of  Ion  Antagonism  with  Enzymes 

Observations  involving  ion  antagonisms  in  the  bacterial  systems  reviewed 
in  the  preceding  section  and  those  involved  in  the  in  vivo  studies  which  will 
follow  are  manifestations  of  physiological  control  over  activity  of  metallo- 
enzymes  associated  with  the  availability  of  ions.  The  availability  of  a  given 
ion  is  of  course  a  direct  function  of  biological  antagonisms. 

The  studies  of  MacLeod  and  Snell  using  bacterial  systems  indicate  con¬ 
sideration  of  enzymes  for  which  interchangeability  of  ion  activators  is 
known.  The  mutual  replaceability  of  potassium,  rubidium,  and  cesium  ions 
for  the  enzymatic  system  permitting  production  of  pyruvate  from  malate 
by  cell  preparations  of  Moraxelli  Iwoffi  has  been  mentioned  (Lwoff  and 
Ionesco,  1947).  Another  example  has  been  reported  in  the  power  of  Mg+  +, 
Mn++,  or  Ca++  to  activate  purified  carboxylase  of  yeast  (Green  et  al., 
1941). 

Again,  if  arginase  which  contains  manganese  in  its  natural  metallopro- 
tein  state  is  inactivated,  it  can  be  reactivated  by  manganese,  cobalt,  cad¬ 
mium,  or  vanadium.  Very  often,  manganese  and  cobalt  are  replaceable  in 
enzyme  activation  mechanisms.  This  seems  also  to  be  true  of  manganese 
and  magnesium.  Manganese  activates  arginase,  prolidase,  dipeptidases,  de¬ 
hydrogenases,  carboxylase,  and  enolase;  magnesium  will  function  in  any 
one  of  these  enzyme  systems  with  the  exception  of  prolidase  (Sumner  and 
Somers,  1947). 


Numerous  instances  of  ion  antagonisms  as  reflected  in  enzyme  activities 
have  been  reported  to  date.  For  example,  magnesium  and  calcium  ions 
activate  acetylcholinesterase,  while  potassium  inhibits  this  enzyme  (Mendel 
et  al.,  1939).  Direct  antagonism  occurs  between  calcium  or  magnesium  on 
the  one  hand  and  potassium  on  the  other.  Another  such  report  is  that  of 
Northrop  (1941),  in  which  he  used  eserinized  brain  slices  and  noted  that 
the  formation  of  acetylcholine  was  enhanced  by  potassium  ions  and  in¬ 
hibited  by  either  calcium  or  magnesium  ions.  This  is  an  interesting  example 
of  activation  by  two  divalent  cations  of  an  enzyme  destroying  acetylcholine 
while  they  inhibit  the  enzyme  responsible  for  the  formation  of  the  same 
parasympathomimetic  molecule. 

Again,  beryllium  has  been  found  inhibitory  to  the  activity  of  adenosine- 
triphosphatase,  and  alkaline  phosphatase  (DuBois  et  al.,  1949),  an  action 
not  reversed  by  magnesium  but  decreased  by  cobalt,  nickel,  and  manganese. 

erylltum  occurs  in  the  same  atomic  group  with  calcium  and  magnesium 
a  point  of  interest  in  view  of  the  interference  by  beryllium  with  the"biolo»i- 
cal  functions  of  both  calcium  and  magnesium.  The  results  indicate  that 
magnesium  activated  reactions  are  more  sensitive  to  beryllium  poisoning 
than  are  the  calcium  activated  reactions.  F  S 

Still  another  example  of  ion  antagonism  in  enzyme  systems  has  been 
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reported  by  Hartman  and  Kalnitsky  (1950).  They  used  as  the  testing 
mechanism  the  enzymatic  oxidation  of  citrate  by  rabbit  kidney  cortex 
homogenate.  Under  certain  conditions  magnesium  can  substitute  for  man¬ 
ganese  in  the  activation  of  this  system  but  at  lower  concentrations,  and  if 
added  prior  to  the  manganese,  it  will  inhibit.  The  inhibition  is  competitive 
in  nature.  Other  ions  including  Hg+  +  ,  Zn+  +  ,  Ca+  +  ,  Na+,  and  Cu+  f 
were  also  capable  of  blocking  the  reaction  in  some  degree  if  added  prior 
to  the  Mn+  +  .  While  specific  antagonisms  were  not  designated  as  operative 
in  the  studies  of  Smolelis  and  Hartsell  (1950)  on  the  influence  of  salts 
on  lysozyme  activity,  they  could  doubtless  have  been  demonstrated  since 
univalent  ions  increased  and  divalent  ions  decreased  the  lysis. 

Buchanan  and  his  associates  (1949,  1949a)  studied  the  effect  of  ionic 
environment  on  the  synthesis  of  glycogen  from  glucose  in  rat  liver  slices. 
Usin*  a  one  hour  incubation  period,  they  found  that  greater  glycogenesis 
occurred  with  K+  as  the  univalent  cation  than  with  Na+.  Glycogenolysis 
was  marked  with  Na+,  slight  with  K  +  .  Either  Ca++  or  Mg^  increased 
glycogenesis.  With  a  two  hour  incubation,  they  found  that  three  times  as 
much  total  carbohydrate  was  synthesized  in  a  medium  with  a  as  in  a 
medium  with  K+.  Both  Mg++  and  Ca++  had  the  same  effect  as  in  the  one 

were  made  by  Utter  (1950)  on  the  inhibition  of  anaerobic 
glycolysis  of  brain  by  sodium  ions.  The  inhibition  was  reversed ^by  hexose 
diphosphate  The  prime  point  of  action  of  the  sodium  ion  was  on  the  trans 

far  of  phosphate  from  phosphopyruvate  to  adenosinenionophosphate  con 

versely  the  dephosphorylation  of  adenosinetr, phosphate  and  adenosine 

phosphate  was  stimulated  by  sodium  ions  anions  doubtless 

While  attention  has  been  focused  on  the  c  * 
play  a  similar  and  important  role  in  the  mec  an  ^  cQcarboxylase 

Halogens  are  known  to  inactivate  ur®aS^,  P  P  ,  Th’eorell  (1946)  on  the 
A  detailed  study  has  been  carried  out  by  Agner  and  TM  (19  ^ 

a MSjP  -  be  dis¬ 
placed  by  anions  with  resu'tant  |ab^bhmn  of  enzyma^ic^on^s^  ^  ion  an. 

It  seems  probable  that  as  with  oth  of  their  action.  Briefly, 

tagonists  will  have  a  system  of  secon  ary  for  which  a  given  ion 

this  should  follow  the  line  of Pr°  UCc*f°  onding  enzymatic  system.  For 
represents  an  essential  part  the  utilization  of  serine  by 

example,  Ca-  is  a  1950).  Ion  antago- 

Lactobacillus  delbrueckn  ■  . .  .  .  reversed  primarily  by  cal- 

andlt  iftlerefore  fot/expected  that  ion  antagonists  of  zinc  will  have  as 
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secondary  inhibitors  with  this  test  system  tryptophan  and  probably  its 
metabolic  products. 


In  Vivo  Studies  of  Ion  Antagonism 


Reports  of  ion  antagonisms  in  vivo  represent  a  hodgepodge  of  currently 
unrelated  observations  in  the  sense  that  they  are  not  generally  regarded  as 
manifestations  of  ion  interrelationships.  One  of  the  earliest  series  of  experi¬ 
ments  conducted  in  this  field  involved  the  profound  anesthesia  which 
results  in  animals  following  the  injection  of  magnesium  salts  (Meltzer  and 
Auer,  1905,  1906,  1908).  If  an  animal  anesthetized  by  magnesium  is  in¬ 
jected  with  calcium  salts,  there  is  a  prompt  awakening  and  return  of  sensi¬ 
tivity.  Heilbrunn  (1943)  developed  a  general  theory  of  anesthesia  based 
upon  this  ion  antagonism.  This  pharmacological  ion  antagonism  was  local¬ 
ized  by  Schoen  and  Koeppen  (1930)  at  the  proprioceptive  and  labyrinthine 
reflexes  and  later  specifically  at  the  sympathetic  ganglia  (Stanbury,  1948), 
and  the  neuromuscular  junction  (Cloetta  et  al.,  1942).  Recently,  Smith 
( 1949)  has  discovered  a  decided  drop  in  the  serum  potassium  level  in  dogs 
paralyzed  by  magnesium  sulfate.  This  suggests  the  extreme  complexity  of 
the  concatenation  of  ion  antagonism.  The  magnesium  effect  may  be  due  to 
the  production  of  a  potassium  deficiency  in  which  a  curare-like  paralysis 
is  known  to  develop. 

Strontium  rickets  has  been  known  for  many  years  and  it  represents  an 
instance  of  ion  antagonism  due  to  the  prevention  by  an  element  of  the 
incorporation  of  another  element  into  the  bone.  Stoeltzner  (1908)  and 
Lehnerdt  (1910)  originally  noted  that  feeding  strontium  led  to  the  forma¬ 


tion  of  excessive  osteoid  tissue.  Other  findings  indicating  similarity  of  cal¬ 
cium  and  strontium  metabolism  include  the  demonstration  by  Wheeler 
(1919)  that  strontium  replaces  calcium  in  the  egg  shell;  the  work  of  Fay 
et  al.  (1942)  who  observed  decrease  in  blood  serum  calcium  following 
strontium  administration;  that  of  Loeser  et  al.  (1929)  in  which  they  found 
an  antagonism  between  strontium  and  magnesium  comparable  to  that  be¬ 
tween  strontium  and  calcium;  and  finally  that  of  Cole  et  al.  (1941 )  estab¬ 
lishing  the  comparable  acute  toxicities  of  the  two  elements 

Many  other  elements  including  Pt,  Cu,  Sn,  Fe,  Cr,  U,  Te,  Ba,  Li,  and  Si 
are  capable  of  producing  osteodystrophies  in  rabbits  (Queloz  1938)  and 
some  such  as  beryllium,  produce  a  type  of  rickets  due  to  defective  absorp- 

manifestation  of  chelation  or  complex  formation 
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Schubert  (1947)  first  applied  the  principles  of  displacement  to  the  study 
of  the  treatment  of  radio-element  poisoning.  He  found  that  of  the  metals 
tested  zirconium  was  the  most  promising  and  concentrated  on  it.  Recently, 
Schubert  and  White  (1950a)  have  presented  details  on  this  study.  The 
amount  of  plutonium  or  yttrium  excreted  in  the  urine  of  test  animals  was 
in  direct  proportion  to  the  dose  of  zirconium  salt  given.  This  urinary  ex¬ 
cretion  was  also  reflected  in  the  reduced  skeletal  content  of  plutonium  and 
yttrium.  Schubert  (1947)  refers  to  this  procedure  for  the  elimination  of 
toxic  elements  as  “metal  displacement  therapy”  and  it  may  well  play  an 
important  role  in  the  control  of  toxicity  associated  with  radioactive  ele¬ 


ments. 

Chronic  molybdenum  toxicity  in  cattle  is  associated  with  a  syndrome 
one  manifestation  of  which  is  depigmentation  (Muir,  1941).  The  fact  that 
this  disease  is  cured  by  the  administration  of  copper  sulfate,  and  the  exist¬ 
ence  of  copper  deficiency  achromotrichia,  leads  to  the  conclusion  that  the 
basis  of  molybdenum  toxicity  is  copper  displacement.  The  molybdenum 
toxicity  syndrome  in  rats  can  be  cured  either  by  copper  or  by  whole  liver 
(Neilands  et  al.,  1948).  In  fact,  the  marked  potency  of  the  liver  suggests 
the  involvement  in  the  toxicity  of  many  factors  associated  with  hemato¬ 
poiesis  and  one  is  led  to  think  primarily  of  vitamin  B12  with  its  cobalt 

Copper  is  also  effective  in  reversing  the  toxicity  of  zinc  (Smith  and 
Larson  1946).  The  latter  element  produces  in  young  rats  a  microcytic, 
hypochromic  anemia,  and  subnormal  growth.  While  copper  exerted  a 
significant  antagonistic  effect,  a  mixture  of  iron,  copper  and i  cobalt  main¬ 
tained  hemoglobin  at  normal  levels.  Neither  iron  nor  cobalt  had  any 
alone  Again,  the  subnormal  growth  was  not  correcte  y  t  it  mix  ur 
three  elements  but  was  by  liver.  The  vitamin  B12  angle  would  seem  due 

consideration  in  these  testing  systems.  ,  , 

A  recent  study  (Gray  and  Ellis,  1950)  of  the  toxicity  of  zinc  and  m° J  ' 
i  m  led  the  investigators  to  conclude  that  copper  was  questiona  j 
“ve1  agatst  the  subnormal  caused  by  nrolyhdenunr  u,  £ 

cidedly  active  against  the  anemia  of  zinc  aJin  other 

,h«  '•  “CS  S  iz  ",»»>. 

test  systems  it  seems  related  to  nickel  ana  ^  ^  ^  es(ab. 

The  interrelationship  of  sodium  an  P  ^  g{  potassium  salts  by 

lished  through  studies  of  *h«  *  “c  and  Helmholz,  1918).  The  same 

sodium  ions  in  the  guinea  p  g  ( A  amm0nium  and  sodium  ions, 

mutual  antagonism  seems  <.  ■  alkaline  earth  elements  came 

Further  displacement  phenomena  amo  &  ^921)  that  animals  on  a 

to  light  With  the  observation  of  MdcheH  *  ^  ^  added 

— in  th,s  “■ 
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the  displacement  resulted  in  replacement  as  ind.cated  by  increased  form 
tion  of  acetylcholine  in  respiring  brain  tissue  caused  by  potassium,  cesium 
and  rubidium  (Mann  et  al„  1939)  and  by  the  ability  of  rubidium  and 
cesium  to  prevent  the  myocardial  and  renal  necroses  which  usually  resu 
from  potassium  deficiency  in  the  rat  (Follis,  1943). 

The  prevention  of  chronic  selenium  poisoning  in  dogs  by  arsenic  (Rhian 
and  Moxon,  1943)  may  represent  a  cation  antagonism  but  is  more  likely  a 
manifestation  of  anion  antagonism.  In  other  words,  the  interaction  is  as¬ 
sociated  with  arsenate  and  selenate  rather  than  As  +  +  and  Se  f 
Other  and  unquestioned  instances  of  anion  interrelationships  have  long 
been  known  in  the  ability  of  sodium  chloride  to  bring  about  a  more  rapid 
excretion  of  bromide  from  patients  suffering  from  bromism.  The  toxic 
psychosis  caused  by  bromides  leads  to  the  speculation  that  this  manifesta 
tion  may  be  due  to  chloride  displacement.  It  seems  highly  probable  that  the 
augmentation  of  the  goitrogenic  activity  of  thiouracil  by  NaF,  NaBr,  and 
NaCl  is  a  manifestation  of  antagonism  for  iodide  (Williams  et  al.,  1950). 


Chelation 

In  chelation  and  complex  formation,  we  have  a  type  of  antagonism 
occurring  between  two  molecular  units  which  may  be  remote  from  each 
other  in  structure.  The  antagonism  is  due  to  competition  between  two  mole¬ 
cules  for  a  third  unit  which  is  generally  an  ion.  The  chelation  agent 
possessing  greater  affinity  for  the  ion  removes  it  from  the  site  it  usually 
takes  on  an  enzyme  surface  or  from  any  other  biological  reaction  position. 

Zentmyer  ( 1944)  first  reported  a  work  which  represents  the  direct  appli¬ 
cation  of  chelation  to  the  world  of  chemotherapy.  Basing  his  study  upon 
the  established  requirements  of  microorganisms  for  trace  elements,  he  used 
complex  organic  molecules  capable  of  forming  chelate  inner  complex  salts 
with  these  elements.  8-Hydroxyquinoline,  a  good  fungistatic  agent,  was 
known  to  chelate  with  copper,  manganese,  iron,  and  zinc.  At  those  pH 
values  at  which  complex  formation  could  not  occur  with  8-hydroxyquino- 
line,  Zentmyer  observed  an  absence  of  fungistatic  action.  Next  having  estab¬ 
lished  the  nutritional  requirements  of  the  test  fungi  for  zinc,  he  added  zinc 
in  excess  to  the  system  and  found  that  the  action  of  the  quinoline  com¬ 
pound  was  nullified.  Increasing  amounts  of  the  fungicide  required  increased 
amounts  of  zinc  for  reversal  of  action.  This  is  doubtless  an  instance  of  the 
withdrawal  by  the  chelation  agent  of  a  metal  essential  to  the  formation  of  a 
metalloprotein  enzyme.  In  the  extension  of  his  studies,  Zentmyer  found 
ammoniumnitrosophenylhydroxylamine  (Cupferron)  to  be  a  good  fund- 
static  agent. 

In  1947,  Adrien  Albert  and  his  associates  became  interested  in  trace 
metals  and  their  relationship  to  chemotherapy.  Of  a  series  of  papers  on  the 
subject,  the  first  (Albert  and  Gledhill,  1947)  reviewed  the  available  che- 
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lating  agents  and  considered  those  capable  of  functioning  under  physio¬ 
logical  conditions.  The  agents  were  tested  for  their  chelating  power  with 
calcium,  magnesium,  manganese,  zinc,  iron,  cadmium,  cobalt,  lead,  and 
copper.  In  the  second  paper  (Albert  and  Magrath,  1947a),  a  series  of  de¬ 
rivatives  of  8-hydroxyquinoline  was  reported.  It  was  found  that  this  com¬ 
pound  alone  of  the  seven  isomeric  hydroxyquinolines  possessed  chelating 
ability.  The  antibacterial  activity  of  the  chelating  compounds  formed  the 
material  for  the  third  publication  of  Albert  et  al.  (1947b).  The  basis  of 
chelation  of  8-hydroxyquinoline  was  found  due  to  the  formation  of  a  ring 
with  the  metal  linked  simultaneously  with  a  phenolic  oxygen  via  a  primary' 
valence  and  with  nitrogen  through  a  secondary  valence  (by  coordination). 

In  general,  the  power  of  a  compound  to  chelate  showed  a  positive  cor¬ 
relation  with  its  ability  to  act  as  an  antibacterial  agent.  The  architectural 
structure,  however,  was  a  major  factor  as  indicated  by  the  failure  of  many 
chelating  agents  to  function  as  antibacterials.  This  relation  of  structure 
to  antibacterial  power  led  to  the  conclusion  that  chelation  occurred  with 
the  metal  on  the  bacterial  surface  and  not  in  the  medium.  At  least,  the 
chelation  responsible  for  the  antibacterial  power  was  that  occurring  at  the 
surface  of  the  bacterium.  Albert  and  his  associates  (1947b)  offer  a  con¬ 
jectural  location  for  a  divalent  metal  in  an  enzyme  and  indicate  their 
thought  of  the  probable  mode  of  attack  of  the  quinoline  (see  Fig.  1). 

In  this  same  paper,  Albert  et  al.  (1947b)  indicate  the  identity  of  the 
chelated  metal  as  being  cobalt  with  Gram-positive  bacteria  and  zinc  or 
copper  with  the  Gram-negative  species.  In  each  case,  the  proper  meta 
reversed  the  action  of  the  8-hydroxyquinoline.  The  cobalt  aspect  once 
again  suggests  the  possibility  that  these  agents  may  act  to  prevent  the 

formation  of  vitamin  Bi2.  , 

The  tremendously  important  part  played  by  trace  elements  in  the  nu¬ 
trition  of  bacteria  is  indicated  by  the  findings  of  Burk  (1934)  who  calcu 
lated  that  Azotobacter  required  10,000  atoms  of  molybdenum  per  cell  but 
that  Micrococcus  candicam  needed  only  three  atoms  o  iron  per ^celh 
unction  of  cobalt  in  bacteria  has  been  suggested  by  Albert  ( 1947)  to  be 
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out  that  various  amino  acids  form  sparingly  ionized  complexes  with  such 
ions.  It  seems  highly  probable  that  from  such  lines  of  study  will  come  details 
of  the  manner  by  which  ions  activate  certain  proteins  causing  them  to  be¬ 
come  enzymes.  In  many  instances,  this  may  be  a  chelation  process.  Again, 
the  metal  may  by  virtue  of  its  capacity  to  coordinate  act  as  a  bridge  in  the 
formation  of  the  enzyme-substrate  complex  (Smith,  1948).  This  in  itself 
may  be  regarded  as  a  chelation  phenomenon. 

Evidence  exists  indicating  the  power  of  chelators  to  inhibit  enzyme  ac¬ 
tivity.  For  example,  laccase  which  is  a  copper  proteinate,  is  inactivated 
by  sodium  diethyldithiocarbamate,  an  excellent  chelating  agent  for  copper 
(Keilin  and  Mann,  1939).  Phenylthiocarbamate  is  an  inhibitor  of  tyrosi¬ 
nase  and  also  a  chelator  for  the  copper  contained  in  this  copper  proteinate 
(Bernheim  and  Bernheim,  1942).  Again,  Rockwood  (1919)  reported 
that  fluorides  decrease  the  activity  of  amylase.  The  probable  basis  for  this 
action  and  beyond  question  the  explanation  of  the  inhibition  of  enolase  by 
fluorides  lies  in  the  formation  (in  the  presence  of  phosphates)  of  mag- 
nesium-fluorophosphates  which  effectively  remove  magnesium  ion  from  the 
enzyme  (Warburg  and  Christian,  1942).  Finally,  the  action  of  2,2'-bipyri- 
dyl,  a  known  chelator  of  ferrous  iron,  has  been  found  capable  of  inactivat¬ 
ing  iron  in  the  fermentation  of  corn  mash  by  Clostridium  acetobutylicum. 
The  result  is  an  increased  riboflavin  production  (Hickey,  1945). 

One  practical  application  of  complex  formation  has  been  employed  by 
Schubert  and  Wallace  (1950)  and  Schubert  and  White  (1950)  for  the 
removal  of  toxic  elements  from  the  body.  Beryllium  forms  a  soluble,  easily 
diffusible  compound  with  citrate  with  the  result  that  greater  excretion  of 
the  toxic  element  occurs.  Similarly,  citrate  complex  formation  results  in 
a  three  fold  increase  in  the  urinary  excretion  of  thorium  and  strontium. 


Comment 

Biological  antagonism  in  the  ionic  sphere  can  be  that  of  ion  for  ion  or  it 
can  be  that  of  two  complex  molecules  competing  for  the  same  ion.  There 
is  a  third  type  associated  with  competition  between  ion  and  complex  mo¬ 
lecular  unit.  Browning  et  al.  ( 1919)  first  showed  the  decreased  effectiveness 
of  acridines  in  acidic  systems.  Such  an  observation  might  be  explained  as 
due  to  permeability  changes  or  as  due  to  competition  beWeen  acndme  a„d 
hydrogen  ion  for  anionic  centers  in  the  protoplasm.  Albert  et  a  .  (  ) 

ruled  out  the  permeability  aspect  and  established  the  rat, o  of  hydrogen  -on  to 
acridine  ion  as  the  controlling  factor.  Later,  thts  study  was  taken  up -by Mu- 
sart  et  al  (1947)  who  observed  a  competition  between  metal  cation  a 
ry  aflavine  for  a  reaction  site  on  a  nucleoprotein.  This  same  group  Ma  - 
sart  and  Van  Der  Stock,  1950)  recently  reported  some  of  ***•£“££ 
work.  Using  baker's  yeast  and  Escherichia  cob,  they  found  ^ that  them 
tion  of  respiration  caused  by  trypaflavtne  was  reversed  not  only  by  hydroge 
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ions  but  also  by  different  mono-  and  polyvalent  cations  such  as  K+,  Na+, 
Me++  Ca+  +  ,  and  La+  +  +  .  Other  organic  cations  such  as  spermine  whic 
in  themselves  did  not  inhibit  respiration  were  able  to  reverse  the  acridine. 
Further,  the  inhibition  of  respiration  caused  by  other  basic  compounds 
(protamine  sulfate,  paludrine,  methylene  blue,  etc.)  was  reversed  by  inor¬ 
ganic  and  nontoxic  organic  cations.  These  investigators  interpret  their  find¬ 
ings  as  indicating  a  competition  between  trypaflavine  ions  and  other  cations 
for  negatively  charged  groups  on  the  cell  surface.  The  adsorption  of  the 
trypaflavine  ions  at  these  groups  is  the  prerequisite  to  their  entrance  into 
the  interior  of  the  yeast  cell  where  they  exert  their  inhibiting  activity. 

Similarly,  propamidine  as  an  inhibitor  of  respiration  of  yeast  (Massart, 
1950)  and  atabrine  as  an  antibacterial  (Silverman,  1948)  are  reversed 
by  cations.  In  addition,  the  antibacterial  action  of  quinine,  paludrine,  plas- 
moquine,  pentaquine,  and  a  cyanine  dye  were  antagonized  by  Ca+  + 
(Silverman,  1948a). 

Thus,  relative  molecular  or  atomic  size  has  no  significant  effect  on  this 
type  of  ion  antagonism.  It  would  seem  to  be  a  relatively  nonspecific  re¬ 
ciprocal  relationship  based  in  some  instances  on  permeability. 

The  pharmacological  significance  of  ions  dictates  the  necessity  of  con¬ 
sidering  this  phase  briefly.  The  ion  ratios  of  calcium,  potassium,  sodium, 
and  hydrogen  alter  many  autonomic  functions.  Zondek  (1927)  stated  that 
excised  heart,  stomach,  bladder,  and  uterus  responded  to  an  increase  of  the 
Ca/K  ratio  as  to  sympathetic  and  increase  of  K/Ca  ratio  as  to  parasympa¬ 
thetic  stimulation.  This  generalization  is  interesting  but  there  are  many 
points  of  exception  (Bacq,  1934).  With  excised  intestine,  both  increase 
and  withdrawal  of  potassium  have  been  reported  to  augment  the  tonus  and 
contractions  (Clark,  1921). 

Other  examples  of  the  pharmacological  impact  of  ions  include  the 
lowered  excitability  of  both  the  sympathetic  and  parasympathetic  systems 
resulting  from  the  lowering  of  the  calcium  level  of  the  blood  or  perfusion 
fluid  (Bouckaert  and  Heymans,  1929).  Again,  lowering  the  Ca/Na  ratio 
by  increasing  sodium  as  well  as  by  decreasing  calcium  lowers  the  sympa¬ 
thetic  response  (Gley,  1928).  Further,  the  vasoconstrictor  response  of  the 
rabbit  ear  to  epinephrine  requires  the  presence  of  calcium  but  not  potas¬ 
sium;  while  constriction  by  ephedrine  requires  potassium  but  not  calcium 
(Pinter-Kovats,  1928).  That  these  effects  of  ions  on  pharmacological  re¬ 
sponses  are  not  constant  is  indicated  by  the  report  of  Knoefel  and  Alles 
(1938)  who  found  that  potassium  may  have  directly  opposed  effects  on 
epinephrine  response  as  the  tissue  is  changed. 

There  are  in  fact  some  direct  antagonisms  between  ions  and  pharma¬ 
cologically  active  drugs.  An  example  of  this  is  the  antagonism  between 
curare  and  potassium  ions  (Quilliam  and  Taylor,  1947).  The  investigation 
was  undertaken  to  determine  the  reason  for  the  reversal  of  motor  end^-plate 
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blockage  of  curare  by  a  fall  in  temperature.  It  was  found  that  the  potassium- 
curare  antagonism  went  against  the  curare  at  lower  temperatures.  The 
authors  concluded  that  for  curare  to  block,  it  must  displace  potassium. 
Another  reported  pharmacological  antagonism  based  upon  ion  effects  is 
that  of  calcium  for  convulsive  drugs  (Seremin,  1928).  Seremin  was  able 
to  counteract  the  convulsive  effects  of  drugs  such  as  strychnine,  nicotine, 
etc.  in  rabbits  through  the  simultaneous  administration  of  calcium  chloride. 

Finally,  there  are  drugs  known  to  sensitize  tissues  to  ions  (veratrum  alka¬ 
loids  to  potassium;  Goutier,  1950).  In  general,  therefore,  it  can  be  said  that 
ionic  balance  determines  sensitivity  of  tissues  to  certain  drugs  and,  con¬ 
versely,  certain  drugs  sensitize  tissues  to  ions.  Again,  some  drugs  act  by 


virtue  of  direct  displacement  of  ions. 

The  application  of  ion  antagonism  in  the  field  of  chemotherapy  has 
recently  taken  an  interesting  turn  toward  the  virus  field.  Schmidt  and  Ras¬ 
mussen  (1950)  recorded  the  ability  of  cobaltous  ions  to  inhibit  the  growth 
of  influenza  virus  in  embryonated  eggs.  Shortly  thereafter,  Garen  and  Puck 
(1950)  announced  results  indicating  that  the  first  stage  of  the  virus  attac 
on  a  cell  is  associated  with  the  function  of  metallic  ions.  Ion  antagonism 
can  be  employed  to  prevent  the  invasion.  Puck  found  zinc  effective  in  pro¬ 
tecting  against  certain  virus  diseases. 

Of  paramount  importance  in  a  consideration  of  ion  antagonisms  are  e 
studies  of  Szent-Gyorgyi  and  his  associates  (1947  1949)  on  the  contact* 
structures  of  museles.  Myosin  possesses  a  great  affinity  ^"S^In  fact  by 
bindin-  magnesium  and  potassium,  the  protein  develops  a  high  capacity  t 
adenoslnetriphosphate.  Actin  is  converted  from  the  globular  to  the  fibrous 
form  by  KC1  or  NaCl  in  the  presence  of  Mg.  The  actin-myosm  complex, 
actomyosin,  combined  with  ATP  has  a  remarkable  sensitivity *°  '°'^kes 

centrations.  A  change  ! ^  “s a" t” concert tratio n  the  complex 

.f r,hat  this  dehcmely  « 
will  be  affected  by  almost  any  factor  tending  to  change  ion, 
or  to  modify  sensitivity  of  the  system  to  , tons.  ^  ^  ^ 

As  stated  by  Lehnmger  (  -  >’  tile  proteins  but  also  the  physical 

only  the  ATPase  activity  of  t  poin{s  made  by  Szent-Gyorgyi. 

properties.  Let  us  c0"s,der  b“‘  “  both  ^yosin  and  actomyosin  in  their 
While  calcium  very  strongly  activates  y  tomyosin  enzymatic 

ATPase  function,  magnesium  enhances  only  the  acmmj  Jes  the 

effect  and  inhibits  that  of  -^fpo^^Tnd  magnesium  together  com- 
enzymatic  activity  of  actomyosin.  ‘  .  magnesium  produce 

pletely  inhibit  ATPase  effect  Similarly  ".^"“Jconsideration  here 
an  inhibitory  effect.  The  work  ,s  m“ch  „  a  phenomenon  based 

but  it  should  be  noted  that  muscular  contraction  P 

upon  ion  antagonisms. 
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And  what  of  nervous  excitation  and  inhibition?  To  quote  from  Rashev- 
skv’s  Mathematical  Biophysics:  “But,  whatever  the  physical  interpretation 
of  the  exciting  agent  may  be,  in  the  light  of  present-day  experimental  knowl¬ 
edge  we  may  feel  fairly  certain  that  the  exciting  substance  is  either  ionic  in 
its  nature  or  at  least  closely  related  to  some  ionic  reactions.” 

The  importance  of  ion  antagonisms  has  not  been  recognized.  This  phe¬ 
nomenon  is  doubtless  one  of  the  basic  facts  of  life.  It  has  been  suggested 
that  any  protein  in  the  proper  environment  may  become  enzymatic,  and  it 
can  be  added  that  the  proper  environment  is  doubtless  ionic  in  character. 
The  effect  of  ions  on  protein  structures  and  the  immediate  antagonisms 
associated  therewith  form  the  dynamic  functional  systems  around  which  the 
complex  concatenation  of  living  matter  is  built.  Many  secondary  molecules 
are  present  to  control,  to  modify,  and  to  maintain  balance  of  these  ionic 
forces  as  they  mold  the  characteristics  of  life. 
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MISCELLANEOUS  BIOLOGICAL  ANTAGONISTS 


1.  Iron  Porphyrins. 
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7.  Miscellaneous. 

8.  Comment. 

Iron  Porphyrins 


The  group  of  iron  enzymes  includes  catalase,  peroxidase,  verdoperoxi- 
dase,  cytochromes,  cytochrome  oxidase,  and  cytochrome  peroxidase.  The 
iron  of  these  enzymes  is  contained  in  the  prosthetic  groups  which  are  either 
hematin  or  closely  related  moieties. 

It  is  possible  to  separate  reversibly  the  apoenzyme  from  the  coenzyme 
in  the  case  of  one  of  these  iron  enzymes,  specifically  peroxidase.  Gjessing 
and  Sumner  (1942-43)  split  peroxidase  and  then  allowed  the  apoenzyme 
to  unite  with  various  metalloporphyrins.  The  manganese  compound  had 
peroxidase  activity.  This  is  mentioned  as  it  indicates  once  again  the  rela¬ 
tivity  of  biological  systems.  There  is  no  absolute  specificity.  A  point  of 
direct  bearing  on  biological  antagonism  was  their  experiment  with  nickel 
porphyrin  which  united  with  apoperoxidase  to  the  exclusion  of  manganese 
porphyrin,  thus  preventing  the  formation  of  an  active  enzyme.  This  is  an 
instance  of  displacement  based  directly  upon  an  isolated  iron-containing 
enzyme  system. 


Displacement  forms  the  essential  feature  of  the  inhibition  of  cellular 
respiration  by  carbon  monoxide  (Warburg,  1925;  Warburg  and  Negelein, 
1928).  The  ferrous  iron  of  the  reduced  form  of  the  respiratory  enzyme 
combines  with  carbon  monoxide,  which  prevents  union  with  oxygen  and 
therefore  stops  cellular  respiration.  A  similar  antagonism  between"  carbon 
monoxide  and  oxygen  occurs  with  hemoglobin.  Both  gases  compete  for 
reaction  centers  in  the  hemoglobin  molecule.  The  reaction  system  is  in 
eqmlibnum  when  the  relative  pressures  of  oxygen  and  carbon  monoxide  are 

CqUal  "oncentrations  of  HbCO  and  HbO,  (Douglas  et  al., 
1912,  Hartridge  and  Roughton,  1922). 
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Considering  their  function  as  prosthetic  groups  it  is  not  surprising  that 
porphyrins  are  essential  factors  for  the  growth  of  certain  microorganisms. 
Hemin,  the  iron-containing  form  of  protoporphyrin,  was  the  first  such 
factor  known.  In  1917,  Davis  found  that  Hemophilus  influenzae  required 
the  addition  of  two  substances  for  growth  in  a  peptone  medium;  one  of 
these  was  contained  in  or  derived  from  hemoglobin.  Thjotta  and  Avery 
(1921)  confirmed  and  extended  these  findings.  It  remained  for  Olsen 
(1920)  and  Lwoff  (1933,  1933a)  to  identify  the  pigment  as  hematin. 

Over  a  period  of  years,  hematin  (factor  X)  has  been  established  as  a 
growth  factor  for  several  bacterial  species  other  than  Hemophilus  influenzae 
( Bartonella  bacilliformis  and  Pasteurella  pestis) ,  as  well  as  certain  protozoa 
including  some  trypanosomes  and  Leishmania  (Lwoff,  1938;  Rao,  1939, 
Jimenez,  1940),  and  one  insect,  Triatoma  infestans  (Lwoff  and  Nicolle, 


1945).  .  ^ 

X-factor  activity  is  possessed  by  methemoglobin,  carboxyhemoglobin, 

hematin,  and  hemin  but  not  by  hemocyanin,  bilirubin,  chlorophyll,  and 
other  metalloproteins.  Olsen  (1920)  and  Fildes  (1921)  originally  sug¬ 
gested  that  the  growth  promoting  power  of  hemin  was  due  to  its  function 
in  peroxidase  activity  but  more  recent  studies  have  not  supported  this  con¬ 
tention  (Lwoff,  1936,  1948).  Catalase  preparations  will  replace  hemin  as 
a  growth  factor  (Bass  et  al.,  1941).  Lwoff  (1936)  concluded  that  hemin 
functions  as  the  prosthetic  grouping  of  the  catalytic  system  o  ar  urg  an 
Keilin,  i.e.,  in  the  cytochromes  and  cytochrome  oxidases. 

Bacteria  requiring  hemin  when  grown  aerobically  have  been  reported 
not  to  require  this  factor  under  anaerob.c  conditions  (Anderson  19  )_ 

From  this  the  concept  developed  that  under  aerobic  conditions ,  mm 
acted  as  part  of  a  protective  catalyst  functioning  against  die  potentially 

limited  requirement  for  hemin  by 

~d  with  ,he 

Access  in  the 

infections  have  been  disclosed  by  t  e  wo  ’  Drotoporphyrin,  is  char- 

,946).  Hematin.  the  iron-containing ;  compound  ^  ,he 

acterized  by  its  vinyl  side  chains.  hematin,  proving  that  the 

growth  of  Hemophilus  influenzae  as  w  svstem  With  smooth 

organism  is  capable  of  inserting  iron  hemato-,  and 

strains  of  the  bacterium,  porphyrins  without This  e’stab- 
coproporphyrins)  could  not  replace  p  P  when  porphyrins  lacking 

lishes  the  essential  character  of  the  ^  P  ‘they  functioned  as  growth 

vinyl  groups  were  converted  to  iron  porphyrins,  they 
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CH 


CH 


CH,.CH,,COOH 

R  =  — CH=CH , 

R  =  — CH  ( OH )  — CH, 

R  =  — CH — CH, 

R  =  — CH CH — COOH 


CHoCH.COOH 

Protophyrin 

Hematoporphyrin 

Mesoporphyrin 

Coproporphyrin 


Fig.  1.  Porphyrin  skeleton. 


factors.  They  also  found  that  porphyrins  lacking  iron  and  vinyl  groups 
competitively  inhibited  the  growth  of  the  bacterium  stimulated  by  iron  pro¬ 
toporphyrin.  For  example,  ten  molecules  of  hematoporphyrin  prevented 
entirely  the  action  of  one  molecule  of  iron  protoporphyrin.  Granick  and 
Gilder  concluded  that  the  basis  of  this  action  was  competition  for  a  specific 

position  on  an  apoenzyme  which  resulted  in  prevention  of  the  formation 
of  heme  catalysts. 

These  investigators  also  established  the  fact  that  the  combination  between 
the  specific  protein  and  the  porphyrin  takes  place  by  the  interaction  of  the 
ionized  propionic  acid  side  chains  of  the  porphyrin,  probably  with  basic 
groups  of  the  protein.  Iron  protoporphyrin  and  protoporphyrin  which  nor¬ 
mally  promoted  the  growth  of  Hemophilus  influenzae  did  not  do  so  if  their 

and^vinvl  Srf°UPS  Were  esterificd  Similarly,  esterification  of  the  iron 

molecules  ^  ^  °f  th- 
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The  observations  of  Keilin  and  Hartree  (1947)  are  an  interesting  exten¬ 
sion  of  the  potentialities  of  the  involvement  of  porphyrins  m  many  enzyme 
systems.  They  found  that  free  hematin  in  a  low  concentration  inhibited 
almost  completely  the  oxidation  of  succinic  acid  by  muscle  preparations. 
Proto-,  hemato-,  and  deutero-hematin  were  equally  effective  but  neither  iron 
nor  porphyrins  alone  possessed  the  inhibitory  power.  When  the  hematin 
was  bound  to  glyoxalin  or  denatured  globin,  it  lost  its  capacity  for  inhibi¬ 
tion.  The  authors  propose  that  the  activity  of  hematin  is  due  to  the  forma¬ 
tion  of  a  coordination  compound  between  hematin  iron  and  some  groups 
in  the  succinic  dehydrogenase  system. 

H2N— (CH2)3— NH— (CH2)4— nh— (CH2)3— nh2 

Spermine 


HoN— (CH2)3— N  H — (CH2>4 — NH2 

Spermidine 


NH 


NH — CH — (CHda — N  (C_.Hr,)2 


NH. 

I 

N — CH. — CH2— CH5— CH— CHa 


C0H5 

Diethylamino-amino-pentane 

Fig.  2.  Spermine  and  related  molecules. 

Inhibition  of  the  succinic  dehydrogenase  system  by  iron  P°^[ochromes 

,0  follow  from  a  considerate  f  ”  in  excess  to  the  cor- 

(Straub,  1942).  In  reCl  nlntbifion.  Lwoff  (1948) 

responding  enzyme  would  probably  .  h  wer  0f  hematin 

attributes  to  in  vivo  succinic  dehydrogenase  mhtbmon  P 
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to  prevent  the  growth  of  Bacillus  subtilis  (Heyningen,  1948)  and  Coryne- 
bacterium  diphtheriae  (Glass,  1939). 

Polyamines,  Spermine,  and  Spermidine 

This  phase  of  biological  antagonism  may  represent  an  example  of  com¬ 
petition  between  two  basic  compounds,  the  displacement  of  a  naturally 
occurring  vitamin-like  metabolite,  or  a  manifestation  of  nonspecific  thera¬ 
peutic  interference. 

Evans  et  al.  (1939)  observed  the  inhibitory  effect  of  spermine  on  the 
glucose,  lactate,  and  pyruvate  oxidation  mechanism  of  brain  brei.  They 
compared  this  inhibitory  effect  with  that  of  narcotics  but  pointed  out  that 
spermine  does  not  produce  narcosis  in  animals.  Again,  the  action  of  sperm¬ 
ine  on  tissue  dehydrogenases  is  the  opposite  of  the  retarding  effect  of 
narcotics.  All  results  with  spermine  were  duplicated  with  spermidine  as  the 
test  chemical.  These  findings  led  to  the  conclusion  that  spermine  functioned 
as  an  inhibitor  by  virtue  of  its  structural  similarity  to  certain  coenzymes. 

Later,  Silverman  and  Evans  (1943)  suggested  the  possibility  that  spermi¬ 
dine  and  spermine  might  possess  vitamin-like  properties.  They  based  this 
hypothesis  upon  the  demonstration  that  both  compounds  were  antagonistic 
to  the  antibacterial  effect  of  atabrine  (quinacrine)  on  Escherichia  coli. 
Three  synthetic  polyamines  of  related  structure  and  even  calcium  panto¬ 
thenate  also  possessed  this  power.  Reporting  in  more  detail  on  their  obser¬ 
vations,  Silverman  and  Evans  (1944)  stated  that  atabrine  acts  by  inter¬ 
fering  with  the  metabolism  of  spermine  and  spermidine.  They  found  that 
cultures  of  Escherichia  coli  resistant  to  atabrine  were  also  resistant  to 
quinine,  and  that  the  oxidation  of  spermidine  by  Pseudomonas  pyocyanea 
was  inhibited  by  both  atabrine  and  quinine.  There  was  a  quantitative  speci- 
city  exhibited  between  atabrine  and  quinine  on  the  one  hand  and  the 
natural  polyamines  on  the  other;  qualitatively  specificity  was  lacking  as 
diethylenetriamine,  triethylenetetramine,  tetraethylenepentamine,  calcium 
pantothenate,  cystine,  riboflavin,  thiamine,  nicotinic  acid,  and  glutathione 
also  inhibited  atabrine  and  quinine  in  some  degree.  0.0000065  M  spermine 
protected  Escherichia  coli  against  the  bacteriostasis  induced  by  0  00075  M 
of  atabrine.  It  is  strange  that  other  naturally  occurring  amines  such  as 
putrescme  and  cadavenne  were  not  tested  in  this  system. 

The  findings  of  Silverman  and  Evans  (1943,  1944)  correlate  well  with 
Snell  s  observations  (Snell,  1944)  on  the  suppression  of  the  antibacterial 
effect  of  propamidine  by  spermine  and  spermidine  He  tried  other  1 
amines  with  the  following  results:  triethylenetetramine  was  most  0/0^ 

- spermidine  s« 

was  most  effective  for  It  rent  propamidine  appeared;  spermidine 

tested  Streptococcus  lacs;  tetraethylenepentamine  was  also 
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Thus,  two  chemotherapeutic  agents,  propamidine  and  atabrine,  both 
inhibitors  of  the  activity  of  diamine  oxidase,  are  themselves  inhibited  in 
their  antibacterial  action  by  a  naturally  occurring  substrate  of  diamine 
oxidase,  spermine,  or  spermidine.  The  fact  that  not  all  diamine  oxidase 
substrates  inhibit  these  drugs  is  doubtless  based  upon  relative  affinities  for 
enzymatic  surface  positions.  The  failure  of  histamine  to  counteract  atabrine 
(Silverman  and  Evans,  1944)  may  indicate  that  a  different  receptor  site 
exists  on  the  surface  of  the  diamine  oxidase  molecule  for  the  cyclic  amine 
structure  as  contrasted  to  the  straight  chain  polyamine  unit. 

Confirming  and  extending  the  work  of  Silverman  and  Evans  (1944)  and 
of  Snell  (1944),  Miller  and  Peters  (1945)  reported  that  spermine  and 
spermidine  showed  some  antagonism  for  the  inhibitory  effects  of  atabrine, 
propamidine,  and  quinine  on  the  growth  of  Escherichia  coli  in  a  bacto- 
peptone  medium  and  in  one  containing  salts,  glucose,  and  asparagine. 
Spermine  was  the  most  effective  agent.  Diethylamino-amino-pentane,  which 
is  the  side  chain  unit  of  atabrine,  does  not  antagonize  atabrine.  Putrescine 
was  tried  by  these  investigators  and  found  inactive. 

The  work  of  Massart  (1948)  involving  the  demonstration  of  antagonism 
between  basic  compounds  and  basic  bactericidal  agents  indicated  the  prob¬ 
able  mechanism  of  action  of  spermine  and  similar  compounds  as  being  one 
of  competition  for  negatively  charged  components  of  the  bacterial  cell. 
Massart  found  that  spermine  completely  reversed  the  inhibition  of  yeast  cell 
respiration  caused  by  trypaflavine,  methylene  blue,  quinine,  crystal  violet, 
and  protamine.  All  of  these  agents  are  basic  bactericidal  substances.  Later, 
Massart  and  Van  Der  Stock  (1950)  concluded  that  these  reactions  are  but 
special  instances  of  general  cation  antagonism,  as  other  cations  (such  as 
those  of  potassium,  sodium,  magnesium,  calcium,  lanthanum,  and  hydro¬ 
gen)  were  capable  of  reversing  the  bactericidal  power  of  trypaflavine. 
Similar  results  were  obtained  with  various  antimalarials. 

It  is  difficult,  however,  to  integrate  into  this  concept  of  a  nonspecific 
cation  antagonism  the  work  of  Bichowsky-Slomnitzki  (1950)  who  found 
that  the  dehydrogenase  activity  lost  by  bacterial  cells  on  aging  can  be  re¬ 
stored  by  the  addition  of  polyamines.  These  observations  formed  a  portion 
of  a  study  of  the  action  of  diamidines  on  Escherichia  coli  and  Staphylo¬ 
coccus  aureus  cells.  The  diamidines  reduced  dehydrogenase  activity,  an 
effect  reversed  by  synthetic  polyamines.  The  potentiality  exists  that  certain 
vitamin  or  vitamin-like  functions  of  organic  cations  may  be  performed 
following  combination  with  the  anionic  groups  of  protein  carriers  or  other 

cellular  components. 

Dyes  and  Therapeutic  Interference 

The  term  “therapeutic  interference”  was  created  by  Browning  and  Gul- 
bransen  (1922)  to  describe  the  action  of  parafuchsin  in  reducing  t  e 
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trypanocidal  action  of  trypaflavine  in  mice.  These  investigators  used  try¬ 
panosomes  which  were  resistant  to  the  action  of  parafuchsin.  Schnitzcr 
(1926)  confirmed  these  results  and  found  that  it  was  not  necessary  to  use 
trypanosomes  resistant  to  parafuchsin  in  order  to  demonstrate  the  inter¬ 
ference.  Further,  Schnitzer  and  Rosenberg  (1926)  and  Schnitzer  and  Sil- 
berstein  (1926)  observed  the  power  of  parafuchsin  to  interfere  with  the 
chemotherapeutic  effect  of  other  agents  including  acetarsol,  arsphenamine, 
and  tartar  emetic. 

Again,  Wright  and  Hirschfelder  (1930)  used  the  carbon  dioxide  pro¬ 
duction  of  yeasts  for  testing  interference  phenomena.  They  found  that 
acriflavine  inhibited  this  process  and  that  methyl  violet  and  brilliant  green 
interfered  with  the  toxic  effect  of  the  acridine  agent.  Another  demonstration 
of  this  interaction  was  that  of  Browning  et  al.  (1926,  1929,  1931)  in¬ 
volving  two  molecules  which  resulted  from  their  attempts  to  prepare  2-(p- 
aminostyryl)-6-acetylaminoquinoline  methochloride;  one  of  these  was  the 
quaternary  salt  (Compound  1,  Fig.  3)  and  the  other  an  addition  com¬ 
pound  (Compound  2,  Fig.  3).  Compound  1  was  an  effective  trypanocide 
the  action  of  which  was  antagonized  by  the  comparatively  inactive  Com¬ 
pound  2. 

There  are  many  additional  examples  of  therapeutic  interference  but  two 
will  suffice.  Fischer  (1944)  studied  the  bacteriostatic  power  of  malachite 
green  and  gentian  violet.  Fie  found  that  the  leucobases  of  these  agents  have 
no  appreciable  antibacterial  action  and  possess  the  ability  to  inhibit  the 
bacteriostatic  effect  of  the  dyes.  Finally,  the  experiments  of  Schnitzer  and 
Kelly  (1950)  are  of  interest.  They  found  that  the  development  of  acri¬ 
flavine  resistance  by  Trypanosomum  equiperdum  was  prevented  by  com¬ 
bination  with  p-rosaniline  HC1. 


The  importance  of  an  understanding  of  therapeutic  interference  is  re¬ 
flected  in  the  polyvalent  capacity  of  dyes  to  inhibit  enzymes.  Quastel  (1931, 
1931a)  suggested  a  direct  correlation  between  trvDanocidal  artinn  nnH  nnt;_ 


analogues.  Dickens  pointed  out  that 


quaternary  nitrogen  was  not  the  key, 
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Parafuchsin  Trypaflavine  (acriflavine) 


Compound  1 

2-(p-Aminostyryl)-6-acetylamino- 
quinoline  methylchloride 


H2N— 


— CH=CH 


NHCOCH3 


(CH;!)l.SO^ 


Compound  2 

Addition  compound  of  methyl 
sulfate  and  2-(p-aminostyryl)- 
6-acetylaminoquinoline 

Fig.  3.  Molecules  used  in  demonstration  of  chemotherapeutic  interference. 


as  phenazine  methiodide  exerted  a  powerfully  catalytic  action  in  the  Pasteur 

system  instead  of  acting  as  an  inhibitor. 

In  explanation  of  therapeutic  interference,  many  concepts  have  been 
offered.  Hassko  (1935)  found  that  preliminary  injections  of  methyl  violet, 
ethyl  violet,  or  Pyoktanin  reduced  the  adsorption  of  acriflavine  y  try- 
panosomes,  and  that  similar  treatment  with  trypan  red  or  trypan  blue  almost 
entirely  prevented  the  adsorption.  Results  of  this  kmd  would  fit  mtc any  of 
the  fundamental  concepts  and  it  is  certainly  not  adequate  to  state  that 
bnsis  of  interference  is  altered  adsorption  by  the  parasite. 

"  Von  Jatcfo  and  von  Janeso  (.936)  offered  the 

interference  is  based  upon  combinations  of  drugs  which  orm  "  y 
namically  reversible  redox  systems.  Thts  concept  is  apphcable 
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reactions  involving  thiolprives  but  could  hardly  be  invoked  to  cover  in¬ 
organic  ion  antagonism  of  organic  ion  drugs  as  described  by  Massart  et  al. 


(1947). 

Adrien  Albert  (1949)  has  recently  reviewed  this  subject  and  disposes 
of  the  concept  of  direct  competition  between  agents  exhibiting  interference 
for  a  given  receptor  site  by  pointing  out  the  ability  of  methyl  violet  to 
reduce  by  a  factor  of  ten  the  adsorption  of  acriflavine.  If  direct  competition 
occurred,  the  similarity  of  molecular  weights  of  the  two  compounds  taken 
in  conjunction  with  the  necessity  of  applicability  of  the  law  of  mass  action 
would  dictate  that  one  unit  weight  of  methyl  violet  must  displace  one  of 
acriflavine,  and  this  is  far  from  the  actual  case. 

Albert  points  out  the  difficulties  inherent  in  experiments  with  such  dyes 
and  offers  an  alternative  hypothesis  based  upon  the  probability  that  the 
dyes  are  taken  up  by  different  but  adjacent  receptor  positions.  Parafuchsin 
would  by  occupying  its  site  on  the  enzyme  or  functional  unit  prevent  by 
steric  hindrance  the  combination  or  occupation  by  acriflavine  of  a  receptor 
unit  essential  to  the  cell.  The  result  would  be  that  this  essential  receptor 
would  remain  free  and  would  not  be  blocked  by  acriflavine.  This  assumes 
a  difference  between  the  bulk  of  the  parafuchsin  molecule  and  that  of  the 


metabolite  which  is  the  normal  occupant  of  the  receptor  position.  Albert 
accepts  as  improbable  the  existence  of  ten  receptors  for  nutrilite  or  sub¬ 
strate  within  the  shadow  of  the  position  occupied  by  parafuchsin.  To  pro¬ 
vide  for  this,  he  brings  in  the  theory  that  the  protein  molecule  will  be  folded 
in  a  different  manner,  thus  displacing  acriflavine  ions  from  sites  which  are 
in  a  sense  within  the  folds. 

Again,  Albert  (1949)  presents  an  entirely  new  concept  of  interference 
phenomena.  He  proposes  that  interaction  does  occur  between  interfering 
drugs  and  that  these  agents  form  in  solution  a  mixed  micelle  which  is  non- 
toxic.  The  theory  was  initially  based  on  the  observations  of  Valko  and 
DuBois  d^44)  who  found  that  dodecyldimethylbenzylammonium  chloride 
exhibited  the  interference  reaction  with  its  higher  homologue,  hexadecyl- 
dimethylbenzylammomum  chloride,  and  on  those  of  Klevens  (1946  1948) 
and  Cornn  and  Harkins  (1946)  who  reported  the  tendency  for  lone  chain 
paraffin  salts  to  form  mixed  micelles  (aggregates  of  ions). 

A  further  extension  of  the  Albert  theory  involves  competition  between 

other  : To L0n  °nC  “d  thc  °f  the  P^ite  cel.  on  th 

other  for  the  monomeric  form  of  the  therapeutically  active  dam  This 

moiety  for  either  a  substrate  or  a  drug  ‘  P  and  a  complex 

Alexander^  an^Trim  ^  re?0rted 

m  their  stud*s  of  a  system  comprised  of 
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hexylresorcinol,  soaps,  and  the  worm,  Ascaris  lumbricoides.  When  soap 
micelles  formed,  the  hexylresorcinol  entered  the  micelle  not  reacting  with 
the  worm,  with  the  result  that  the  ascaricidal  power  dropped.  Albert 
(1949)  discusses  the  “critical  micelle  concentration”  and  states  the  general 
principle  that  in  a  given  homologous  series  the  higher  members  decrease  the 
critical  micelle  concentration  for  the  lower  homologues.  This  is  offered  in 
explanation  of  the  results  of  Valko  and  DuBois  (1944).  Additional  evi¬ 
dence  mustered  in  support  of  the  micelle  concept  is  the  work  of  Goldacre 
(1949)  who  measured  the  C.M.C.  of  a  series  of  triphenylmethane  dyes  and 
found  that  these  values  correlated  well  with  in  vivo  results  of  therapeutic 
interference  between  acriflavine  and  parafuchsin. 

It  seems  probable  that  the  collected  instances  of  therapeutic  interference 
represent  phenomena  which  will  subsequently  be  categorized  in  association 
with  multiple  mechanistic  concepts,  i.e.  oxidation-reduction,  direct  compe¬ 
tition  for  receptor  sites,  competition  between  micelle  and  receptor,  chemical 
interaction,  etc. 
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metals  and  derivatives,  halogenated  organic  substances,  etc.;  all  of  which 
possess  common  toxic  effects  probably  by  inhibition  of  the  same  enzymes. 

Association  of  sulfhydryl  inactivation  with  the  action  of  heavy  metal 
chemotherapeutic  agents  was  first  proposed  by  Ehrlich  (1909)  in  explana¬ 
tion  of  the  toxic  action  of  arsenicals.  Then,  in  1923,  Voegtlin  et  al.,  based 


their  work  on  the  trypanocidal  activity  of  arsenicals  directly  upon  the  inter¬ 
action  of  these  agents  in  the  arsenoxide  form  with  sulfhydryl  groups.  They 
found  that  mercaptoacetic  acid  reversed  the  trypanocidal  power  of  arseni¬ 
cals  both  in  vitro  and  in  vivo.  Later,  Rosenthal  and  Voegtlin  (1930)  in¬ 
vestigated  the  effect  of  glutathione  as  a  protectant  for  rats  against  the  toxic 
action  of  arsenoxide  and  found  it  highly  effective.  Again,  cysteine  or  gluta¬ 
thione  protects  rats  against  the  toxicity  of  sodium  cupritartrate,  and  protects 
spirogyra  against  copper  sulfate  (Voegtlin  et  al.,  1925). 

Extension  of  the  observations  of  Voegtlin’s  group  came  with  the  publica¬ 
tion  by  Eagle  (1939)  of  his  results  demonstrating  a  reversal  of  the  anti- 
spirochetal  power  of  arsenic,  bismuth,  and  mercury  compounds  in  vitro 
by  sulfhydryl  molecules.  During  the  next  year,  Fildes  (1940)  reported  his 
general  studies  of  the  mechanism  of  the  antibacterial  action  of  mercury, 
which  he  found  to  be  specifically  neutralized  by  sulfhydryl  compounds.  He 
concluded  that  mercury  combines  with  the  — SH  of  the  cell  to  form  a  com¬ 
pound  and  thus  deprive  the  cell  of  — SH  essential  for  its  metabolism. 

The  thiol  groups  of  enzymes  form  in  many  instances,  the  reaction  center. 
Destruction  of  these  important  segments  of  the  enzyme  molecule  by  heavy 
metals  results  in  inactivation.  This  fact  was  first  demonstrated  by  Hellerman 
et  al.  (1933)  with  urease.  During  the  same  year,  Bersin  et  al.  (1933)  made 


similar  observations  with  papain  and  also  reported  the  reactivation  of  the 
enzyme  by  glutathione.  Currently,  certain  heavy  metal  organic  reagents 
such  as  p-chloromercuribenzoate  and  the  trivalent  arsenicals,  are  routinely 
used  as  — SH  inhibitors. 

Another  general  classification  of  — SH  inhibitors  are  the  alkylating  agents 
such  as  iodoacetate,  bromoacetate,  and  iodoacetamide.  Iodoacetate  haslong 
been  known  to  inhibit  the  glycolytic  mechanisms  of  muscle  and  other 
tissue  (Lundsgaard,  1930).  It  inhibits  aerobic  oxidation  but  has  no  effect 
on  the  anaerobic  phases  of  muscle  metabolism.  In  1930  (1930a),  Lunds- 
gaard  reported  the  specific  effect  of  iodoacetate  in  preventing  the  formation 
of  lactic  acid  in  muscle.  These  observations  led  to  the  extensive  use  of  this 
and  other  halogenated  acetic  acids  in  studies  of  muscle  metabolism.  In 
general,  the  inhibitory  effect  of  these  compounds  has  been  attributed  to 
their  combination  with  sulfhydryl  groups.  Iodoacetate  inhibits  choline 

Gr~n  taQbrrnS°hn  a"d,Machado’  1943>.  P»Pain  (Willstatter  and 
ssmann,  1924),  yeast  alcohol  dehydrogenase  (Dixon,  1937)  isocitric 

dehydrogenase  (Adler  et  al.,  1939),  1 ,3-diphosphoglyceric  aldehyde  de 

hydrogenase  (Adler  e,  al.,  1938),  aldehyde  nrutase  (Dixon  Wg-st 
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Dixon  and  Lutwak-Mann,  1937),  etc.  The  reaction  between  sulfhydryl 
groups  and  iodoacetate  is  as  follows: 

RSH  +  CH,ICOOH  ->  RSCH.COOH  -f  HI 

Again,  there  is  a  group  of  sulfhydryl  reagents  functioning  by  virtue  of 
oxidation,  i.e.,  quinones,  dyes,  inorganic  oxidizing  agents,  etc.  Colwell  and 
McCall  (1945)  demonstrated  the  prevention  of  the  antibacterial  action  of 
2-methyl-l, 4-naphthoquinone  and  its  3-chloro  derivative  by  cysteine  HC1 
or  sodium  mercaptoacetate.  Many  compounds  are  converted  to  quinone 
type  molecules  in  the  body  and  function  in  biochemical  systems  by  virtue 
of  such  conversion.  The  flavonoids  are  apparently  metabolically  modified 
with  resultant  quinone  formation,  which  renders  these  compounds  effective 
inhibitors  of  succinoxidase  (Bartlett,  1948)  and  choline  acetylase  (Beiler 
et  al.,  1950).  As  an  example  of  dyes  functioning  bacteriostatically  by  virtue 
of  their  quinone  formation  and  subsequent  thiolprive  activity,  the  deriva¬ 
tives  of  tetramethyl-diaminodiphenylmethane  can  be  listed  (Fischer  et  al., 
1946).  Allicin,  an  antibiotic,  apparently  acts  by  oxidation  of  the  — SH 
group  (Cavallito  et  al.,  1945). 

Still  another  group  of  thiolprives  are  those  acting  by  virtue  of  unsaturated 
structures  to  which  sulfhydryl  adds  with  resultant  inactivation.  Cavallito 
and  Bailey  (1944)  studied  a  number  of  antibiotics  for  efficacy  in  the  pres¬ 
ence  of  cysteine.  They  found  that  cysteine  reduced  or  nullified  the  anti¬ 
bacterial  power  of  penicillin,  citrinin,  gliotoxin,  clavictn,  pyocyanme,  and 
several  others.  The  essentiality  of  the  -SH  grouping  for  the  react, on  was 
established  by  the  retention  of  activity  in  esters  of  cysteine  and  loss  of 
activity  when  the  -SH  group  was  blocked  as  in  S-methylcysteine. 

Later  Geiger  and  Conn  (1945)  pointed  out  that  clavicn,  penicilltc  acid, 
and  similar  antibiotics  are  „>/3-unsaturated  ketones  and  that  such  ketones 
react  with  — SH  compounds  as  follows: 


R' 


R' 


R'_c— CH=C  +  R— SH - ^R— C— CH2  c  R" 

^R/'t  O  SR 

phenonc  was  maCUUa^^y  ^"'pf“arfUpLrmacLgicalty  active  agents 
There  are  many  other  e  :  P1  p  Qne  of  these  js  streptomycin 

functioning  by  virtue  of  SH :  nt i  t •  contrast  was  not  inactivated 

(Denkelwater  et.  al.,  1945).  Mrq  planarian,  Dugesia 

by  cysteine.  Again  of  either 

ligrina,  is  rendered  innocuous  y  finally,  and  of  special 

glutathione  or  cysteine  (Hauschka  et  al.,  1945).  y, 
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interest  to  pharmacology,  we  have  the  observations  of  Mendez  (  1 944 )  on 
the  cardiac  activity  of  angelicalactones,  a  phenomenon  related  to  a  peroxide 
effect  counteracted  by  — SH  compounds. 
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p-(Di-n-propylsulfamyl)-benzoic  acid  (benemid) 

Fig.  5.  Biological  antagonists  in  renal  systems. 

In  the  general  consideration  of  the  activity  of  thiolprives,  several  factors 
stand  out.  First,  the  sulfhydryl  groups  of  enzymes  are  directly  functional 
in  the  sense  that  they  play  an  immediate  role  in  the  fixation  of  substrate 
and  coenzyme  on  the  apoenzyme  surface.  This  fact  was  established  by  the 
failure  of  thiolprives  to  function  if  the  substrate  or  cofactor  is  fixed  at  the 
....  recePtor  sites  prior  to  treatment  of  the  enzyme  with  the  — SH  in¬ 
hibitor.  For  example,  succinic  dehydrogenase  is  not  inhibited  by  thiolprives 

‘  "URCC'p‘Ct°r  ma'on'c  acld  is  a,ready  Present  in  the  system  (Hopkins  et  al„ 
,  otter  and  DuBots,  1943;  Barron  and  Singer,  1945).  Again  the 
protection  of  D-amino  acid  oxidase  against  p-chloromercuribenzoate  is  ac 
omphshed  by  the  prior  addition  of  an  excess  of  its  coenzyme  flavine! 
adcnme-dinucleotide)  (Hellerman  et  al.,  1946).  Simihrlv  th- 

°f  PhosPhoS*yceraldehyde  dehydrogenase  reduces  the  toxidty  of  thiolpnves 
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for  the  enzyme  (Rapkine,  1938).  Here  we  have  an  instance  of  biological 
antagonism  between  substrate  or  cofactor  on  the  one  hand  and  on  the  other 
any  agent  capable  of  rendering  sulfhydryl  unavailable. 

The  situation  is  complicated  by  the  existence  of  — SH  groups  within  a 
single  enzyme  molecule  varying  in  their  functional  significance  for  a  given 
reaction.  Further,  sulfhydryl  moieties  exhibit  markedly  differing  positions 
— some  being  protected  by  folds  of  the  protein  molecule,  rendering  them 
inaccessible.  The  first  point  was  demonstrated  by  Hellerman  et  al.  (1933) 
who  noted  on  adding  0.0001  mole  of  p-chloromercuribenzoate  to  213 
grams  of  urease  no  loss  of  activity.  Addition  of  a  second  0.0001  mole  of 
the  compound  produced  marked  loss  of  activity.  Apparently,  the  most 
reactive  sulfhydryl  groups  were  nonfunctional. 

Even  after  the  addition  of  the  second  0.0001  mole  of  — SH  inhibitor  only 
40  per  cent  of  the  sulfhydryl  groups  were  combined.  The  remaining  groups 
were  capable  of  reaction  only  after  denaturation  of  the  protein.  These  latter 
thiol  radicals  were  probably  protected  by  folding  of  the  apoenzyme  moiety. 


Fatty  Acids 

Robinson  (1940)  first  observed  the  power  of  branched  units  as  anti- 
bacterials  when  he  noted  the  inhibitory  effect  of  beta  trisubstituted  propionic 
acids  on  the  growth  of  the  tubercle  bacillus.  Phthioic  acid,  a  trisubstituted 
acetic  acid,  is  a  normal  constituent  of  this  acid  fast  organism.  Buu-Hoi 
and  Ratsimamanga  (1943)  had  been  studying  the  biological  effects  ot 
^-d, substituted  unsaturated  acids,  and  found  that  w„h  these  compounds 
they  could  produce  in  rats  lesions  which  resembled  tubercu  osts.  Further 
P  iraf  et  al  (1944  1944a)  were  able  to  produce  a  typical  allergic  rea 
(Koch’  phenomenon)  in  tuberculous  rats  by  the  injection  of  these  acids. 
The  reverse  reaction  also  occurred,  namely,  that  rats  injected  with  unsa.u- 
rated  acids  developed  a  sensitivity  to  tuberculin.  Finally, and  this  is  - 
less  r  demonstration  of  biological  antagonism,  Buu-Hoi  (1945,  194.  a) 
conv^tdT  fatty  acids  of  tubercle  bacilli  into  the  corresponding  prunary 
amines  and  found  these  amines  to  be  bacteriostatic  agai  . 

^The  significance  of  the  branched  chain  in  this  effeti,  was  underlined  bythe 

inhibitory bact^ria'^Barn^^nd^McNally,  1945;  McNally,  1947). 

of  chaulmoogric  acid  and  certain  nontoxic  fatty  acids  wne 
was  lepra  bacilli. 

Biological  Antagonism  in  Renal  Transport  Mechanisms 

11950)  has  reviewed  the  functional  characteristics 
Recently,  Beyer  (1950)  has  re  mechanisms  as  enzymatic 

renal  transport  mechanisms.  He  pictures  tubular 
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and  unidirectional  transportation  systems.  Further,  the  transportation  is 
accomplished  without  streaming  of  the  enzymatic  components  of  the  ce  s. 
In  this  concept,  the  measurement  of  the  functional  capacity  of  a  transport 
system  is  the  equivalent  of  the  determination  of  enzymatic  activity. 

With  this  theory  in  mind,  it  follows  that  antagonisms  would  play  a  major 
role  in  the  inhibitory  and  stimulatory  phenomena  associated  with  tubular 
secretion  or  reabsorption.  Beyer  lists  seven  classifications  of  the  antago¬ 
nisms  seen  in  renal  transport  mechanisms.  The  importance  of  this  general 
field  dictates  outlining  briefly  each  of  these  seven  types  and  presenting  at 
least  a  single  example. 

First,  competition  between  two  or  more  molecules  for  secretion  or  re- 
absorption  is  a  common  phenomenon  and  involves  no  functional  alteration 
of  the  basic  process.  The  extent  to  which  either  competing  compound  is 
secreted  depends  entirely  upon  its  concentration  and  the  relative  affinity 
of  that  compound  for  the  enzyme  involved.  Examples  of  this  type  of  com¬ 
petition  are  those  between  glucose  and  xylose  for  reabsorption  (Shannon, 
1938),  and  between  p-aminohippurate  and  penicillin  for  secretion  (Beyer 
et  al.,  1944;  1945). 

Second,  there  is  a  type  of  competition  between  two  structurally  similar 
molecules,  one  of  which  is  not  secreted  by  the  renal  system.  This  cor¬ 
responds  to  displacement  by  metabolite  analogues  and  does  not  imply  any 
impairment  of  the  reaction  mechanism.  The  suppression  of  penicillin  secre¬ 
tion  by  carinamide  (Beyer,  1947;  Beyer  et  al.,  1947)  and  Benemid  (Beyer 
et  al.,  1950;  Tillson  et  al.,  1950)  is  typical. 

Third,  a  type  of  competition  exists  between  two  systems  for  a  common 
source  of  energy.  As  an  example  of  this,  p-aminohippuric  acid  depresses 
the  tubular  reabsorption  of  ascorbic  acid  (Selkurt,  1944).  Available  energy 
is  used  for  the  secretion  of  the  p-aminohippurate  leaving  an  inadequate 
amount  for  the  reabsorption  of  ascorbic  acid. 


Fourth,  Beyer  (1950)  lists  phloridzin  diabetes  as  an  example  of  an  in¬ 
hibitory  mechanism  involving  phosphorylation.  The  oxidation  of  pyruvate 
and  citrate  is  inhibited  by  phloridzin  with  consequent  lack  of  energy  supply 
for  the  formation  of  high  phosphate  potential  compounds  of  the  type  of 
adenosinetriphosphate  (Shapiro,  1947;  Meyerhof  and  Wilson,  1948).  The 
fifth  type  of  physiological  system  involved  in  the  stimulation’or  inhibition 
of  renal  mechanisms  is  hormonal  in  nature.  The  anterior  pituitary  forms 
an  active  principle  which  exerts  a  diuretic  effect  opposed  to  the  antidiuretic 
hormone  of  the  posterior  pituitary  (Barnes  et  al.,  1933;  Biasotti,  1934). 

urt  er,  the  steroid  factors  of  the  adrenal  cortex,  particularly  ’  desoxy- 
corticosterone,  play  a  vital  role.  It  is  interesting  to  speculate  on  the  com¬ 
petitive  antagonisms  which  may  exist  between  the  peptide  principles  of  the 

o^t Ttor  T?  aHd  the-  P,°Steri0r  PitUhary-  A  Si-Uar  ^nation  would 
obtain  for  the  steroid  principles  of  the  adrenal  cortex.  As  Beyer  (1950  ) 
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dicates  the  probabilities  for  the  preparation  of  antagonists  for  any  one  of 
these  specific  hormonal  factors  are  excellent. 

As  the  sixth  type  of  inhibitory  process  active  in  renal  physiology,  Beyer 
(1950)  lists  those  associated  with  prevention  of  ion  exchange  mechanisms 
for  electrolyte  reabsorption.  Normally  according  to  the  tubular  ion  ex¬ 
change  theory  (Pitts,  1945),  the  decarboxylation  of  metabolites  results  in 
the  liberation  of  carbon  dioxide  which  is  then  hydrated  to  carbonic  acid  by 
carbonic  anhydrase.  The  carbonic  acid  dissociates,  providing  the  hydrogen 
ion  for  exchange  with  sodium  ions  contained  in  the  glomerular  filtrate.  If 
carbonic  anhydrase  were  inhibited  reduced  exchange  should  ensue.  Sul¬ 
fanilamide,  an  excellent  inhibitor  of  carbonic  anhydrase  (Mann  and 
Keilin,  1940),  has  been  found  to  prevent  ion  exchange  in  the  distal  tubule 
(Pitts  et  al.,  1948).  This  is  an  interesting  example  of  indirect  biological 
antagonism.  The  inhibition  of  an  enzyme  (carbonic  anhydrase)  results  in 
the  failure  of  ion  exchange  in  the  tubule  due  to  defective  supply  of  hydrogen 
ions  for  the  reaction. 

The  seventh  type  is  characterized  by  irreversibility.  In  general,  it  is  as¬ 
sociated  with  toxic  st'ates.  Mercurial  diuretics  in  their  reactions  with  — SH 
enzymes  fall  into  this  category  of  inhibitor  of  renal  function.  As  indicated 
by  Beyer  (1950),  it  is  probable  that  any  chemical  modifying  the  enzymatic 
concatenation  associated  with  oxidative  processes  or  utilization  of  energy 
in  the  kidney  will  also  alter  the  renal  transport  systems. 


Miscellaneous 


3-n-Pentadecyl 

catechol 
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Fig.  6.  Miscellaneous  biological  antagonists. 


Comment 

accordance  with  the  principles  of  biological  antagonism.  Certainly  it  is  not 
difficult  to  extend  this  concept  to  cover  odor  and  flavor.  Masking  the  un¬ 
palatable  and  covering  offensive  odors  can  doubtless  be  done  by  using 
structural  analogues  of  the  responsible  molecules  possessing  capacity  for 
the  displacement  of  these  agents  from  taste  buds  and  olfactory  receptor 
sites. 

The  capacity  of  the  acridines  for  the  formation  of  loose  complexes  with 
purines  and  nucleic  acids  underlies  the  chemotherapeutic  potency  of  pro¬ 
flavine  and  acriflavine  (Mcllwain,  1941;  Martin  and  Fisher,  1944).  Ade¬ 
nylic  acid,  cozymase,  and  nucleic  acid  as  well  as  a  series  of  metabolic  inter¬ 
mediates  associated  with  these  biochemicals  were  effective  in  counteracting 
the  antibacterial  effect  of  the  acridines  on  Escherichia  coli,  Streptococcus 
hemolyticus,  and  Staphylococcus  aureus.  Cozymase  has  also  been  reported 
effective  in  reversing  the  growth  inhibiting  power  of  quinine  on  Escherichia 
coli  (Johnson  and  Lewin,  1945).  The  potentialities  for  complex  formation 
with  nucleic  acids  and  derivatives  are  legion  and  offer  the  basis  for  an 
extensive  investigation  of  such  agents  in  antiviral  and  cancer  therapy. 

In  this  latter  field,  structural  analogues  have  played  a  major  role  and 
doubtless  that  role  will  continually  expand.  One  displacement  phenomenon 
in  association  with  carcinogenic  action  not  yet  considered  is  that  reported 
by  Buu-Hoi'  (1945,  1945a)  wherein  8,12-dimethyl-  and  9,12-dimethylbenz- 
(a) acridine  retarded  the  carcinogenic  action  of  methylcholanthrene.  In 
this  same  test  system,  7,9-,  7,10-,  and  7,1  l-dimethylbenz(c)acridine  and 
7,9,1  l-trimethylbenz(c)acridine  had  no  similar  power. 

Another  interesting  antagonism  is  that  between  sodium  tripolyphosphate 
and  adenosinetriphosphate  as  reflected  in  the  inhibition  by  the  polyphos¬ 
phate  of  the  anaerobic  conversion  of  glucose  by  intact  yeast  cells,  yeast 
zymase,  or  crystalline  hexokinase  (Vishniac,  1950).  The  inhibitory  power 
of  the  polyphosphate  was  reversed  not  only  by  ATP  but  also  by  magnesium, 
which  suggests  a  magnesium  chelation  in  the  hexokinase  complex  normally 
and  competition  between  two  chelators  for  magnesium  as  the  underlying 
principle  of  the  demonstrated  antagonism. 


Comment 

It  appears  probable  that  for  every  naturally  oecurring  molecular  or  ionic 
unit  there  is  an  entire  series  of  natural  and  synthetic  antagonists.  Similarly 
the  ions  and  molecules  foreign  to  the  body  will  be  opposed  by  certain 
natural  and  synthetic  structures.  This  statement  is  broad  in  scope  but  im 

mStS  TL^sf™c“n  that  tor  ion  -  z 

muXt1SrdefoTrmlmonelTheOUS  antag0nists’  one  *  ^ck  by  the 
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physiological  and  biochemical  systems.  Chelation  comes  into  prominence  as 
a  dominating  mechanism  in  many  functional  systems.  It  is  even  probable 
that  chelation  is  the  basic  biophysical  phenomenon  underlying  not  only 
antagonism  but  all  enzymatic  activities. 
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Chapter  21 

DRUG  RESISTANCE  AND  BACTERIAL  ADAPTATION 

1.  Drug  Tolerance. 

2.  Drug  Fastness  or  Bacterial  Adaptation. 

3.  Bacterial  Adaptation  and  Resistance. 

4.  Resistance  to  Metabolite  Analogues. 

5.  Cross  Resistance. 

6.  Mechanisms. 

7.  Practical  Applications. 

8.  Comment. 

The  subject  of  drug  resistance  and  bacterial  adaptation  is  much  too 
broad  for  a  general  review  in  this  volume  but  as  it  represents  a  compensa¬ 
tory  mechanism  on  the  part  of  the  organism  directed  against  agents  acting 
as  biological  antagonists,  the  elements  will  be  considered. 

Drug  Tolerance 

Tolerance  is  defined  as  abnormal  resistance  to  a  drug.  It  may  be  acquired 
or  congenital.  The  major  factors  in  this  phenomenon  are:  (1)  absorption, 
(2)  rate  of  excretion,  (3)  catabolism,  and  (4)  cellular  reaction. 

In  general,  inhibitory  phenomena  operative  in  absorption  and  excretion 
will  parallel.  Both  involve  diffusion  and  transport  mechanisms  and  these 
are  subject  to  interference  reactions  of  many  types  (see  Chapter  20  and 
Beyer,  1950).  Modified  power  for  catabolism  and  general  cellular  reaction 
to  drugs  represent  true  tolerance  and  doubtless  are  intimately  interrelated. 
The  first,  catabolism,  represents  an  instance  in  which  the  drug  is  modified 
by  processes  of  “detoxication”  and  the  second  includes  those  instances  of 
adaptation  by  cells  associated  with  enzyme  formation.  It  is  probably  ac¬ 
curate  to  state  that  single  cells  and  those  of  a  complex  organism  react 
relative  to  these  processes  in  an  identical  manner,  but  consideration  will  be 
given  first  to  the  more  complex  cellular  systems  and  later  to  bacterial  and 
parasite  tolerance  to  drugs. 

Enzymic  adaptation  as  the  underlying  principle  of  tolerance  development 
in  association  with  catabolism  was  proposed  by  Williams  (1947).  There 
are  two  reports  which  tend  to  substantiate  this  position.  The  first  of  these 
is  the  work  of  Fishman  (1940)  who  found  an  increase  in  the  glucuronidase 
activity  of  certain  tissues  following  the  prolonged  administration  of  ment  10 
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or  borneol.  The  second  concerns  the  increased  power  of  the  kidney  to 
oxidize  alcohol  resulting  from  prior  administration  ( Lightbody  and  Klein- 
man,  1939).  Apparently,  the  morphine  addict  possesses  a  cellular  capacity 
for  the  rapid  oxidation  of  morphine. 

Cellular  adaptation  is  enzymic  in  character  and  many  instances  of 
tolerance  currently  classified  in  this  category  may  eventually  be  found  to 
be  manifestations  of  catabolic  enzyme  adaptation.  It  does  seem  probable, 
however,  that  certain  cases  will  be  correlated  with  enzymatic  adaptation  of 
a  type  representing  the  creation  of  alternate  metabolic  pathways.  Tolerance 
to  alcohol  and  nicotine  are  common  examples.  Both  are  difficult  to  classify 
but  for  the  present  are  regarded  as  at  least  partially  the  cellular  type,  al¬ 
though  undoubtedly  catabolic  modifications  enter  the  picture.  It  is  difficult 
to  explain  development  of  central  nervous  system  tolerance  to  morphine 
while  the  pupil  and  gut  remain  unaffected  (Krantz  and  Carr,  1949). 
Further,  tolerance  is  not  permanent  in  character;  it  tends  to  disappear  when 
exposure  is  terminated. 

As  with  bacterial  systems,  the  cellular  elements  of  the  human  being  show 
cross  tolerance.  An  individual  showing  evidence  of  tolerance  to  one  bar¬ 
biturate  will  show  it  to  another.  There  is  a  relative  specificity  in  this  phe¬ 
nomenon  as  shown  by  the  failure  of  a  barbiturate  tolerant  individual  to  be 
resistant  to  paraldehyde  or  chloral  hydrate.  Cross  tolerance  is  shown  be¬ 
tween  alcohol  and  ether.  The  alcoholic  is  well  known  for  resistance  to  the 
anesthetic  effects  of  ether.  Similarly,  rabbits  tolerant  toward  the  action  of 
caffeine  exhibit  a  decreased  response  toward  the  diuretic  action  of  theo¬ 
bromine  or  theophylline  (Myers,  1924). 

Relative  tissue  concentrations  of  enzymes  underlie  the  selective  action 
of  drugs  and  toxic  agents  (Ackermann  and  Potter,  1949).  The  most  sus¬ 
ceptible  tissue  will  be  the  one  containing  the  smallest  amount  of  a  vital 
enzyme  the  activity  of  which  is  modified  by  the  drug  or  toxic  agent. 

aptive  phenomena  and  tolerance  should  occur  primarily  in  those  cells 
containing  the  smallest  amount  of  the  enzyme  susceptible  to  the  action  of 
the  drug.  This  should  hold  whether  or  not  the  tolerance  is  associated  with 

catabohc  changes  of  the  drug  or  with  development  by  the  cell  of  alternate 
pathways  of  metabolism. 


Drug  Fastness  or  Bacterial  Adaptation 

Drug  fastness  was  first  discovered  by  Franke  and  Roehl  in  1907  They 

hsinI1nP;n0men0n  W1i,e  ,eS‘ing  'he  chemotherapeu,ic  efficacy  of 

Lat  fist  of  ch^-TJOm°  t?Cei  in  the  blood  of  mice-  Since  *at  time  a 
oraanismshlc  H  ,‘C  6  °f  inducinS  resistant  drains  of  micro- 

etc.),  a r o m at i c C co m po un ds ' ‘of6 arse n i  c^a  tox  y  ^  tryPar0san’ 
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antimony  compounds  (tartar  emetic),  Baeyer  205,  styryl  quinoline  de¬ 
rivatives,  guanidine  compounds,  sulfonamides,  antibiotics,  displacing  agents, 
and  many  others.  This  phase  of  chemotherapy  is  of  major  importance  today 
as  it  is  known  that  specific  resistance  can  and  does  occur  against  all  es¬ 
tablished  chemotherapeutic  agents.  The  incidence  of  resistant  strains  will 
increase  with  the  passing  of  time;  it  may  well  be  stated  that  the  greatest 
battles  of  the  future  in  the  field  of  science  will  be  those  precipitated  by  drug 
resistant  bacterial  strains.  It  is  for  this  reason  that  we  propose  to  review 


some  of  the  material  on  bacterial  and  parasitic  resistance  as  it  applies  to 
biological  antagonism,  and  to  develop  the  concept  of  drug  resistance  as  a 
reflection  of  enzymatic  adaptation. 

Much  of  the  original  work  along  these  lines  was  carried  out  with 
trypanosomes.  Bacterial  resistance  is  of  the  same  basic  nature  and  every 
fact  applicable  to  the  bacterium  is  doubtless  so  for  the  trypanosome  and 
vice  versa.  Yorke  et  al.  (1932)  found  that  highly  resistant  strains  of 
trypanosomes  could  be  produced  to  atoxyl,  arsacetin,  tryparsamide,  sti- 
benyl,  and  acriflavine  within  four  to  eight  weeks.  Cross  resistance  was 
reported  to  have  occurred  in  an  instance  in  which,  following  a  single  mas¬ 
sive  injection  of  tryparsamide,  the  trypanosome  was  found  to  have  de¬ 
veloped  resistance  to  both  tryparsamide  and  acriflavine  (Launoy,  1937). 
Further  examples  of  cross  resistance  were  found  by  Bovet  and  Montezin 
(1937).  In  one  instance,  a  single  dose  of  3-hydroxymethyl-4-aminophenyl- 
arsonic  acid  produced  fastness  to  itself  and  to  Orsanine.  Maximum  re¬ 
sistance  to  Orsanine  occurred  after  13  passages  and  to  neoarsphenamine 
after  50  passages  in  mice  (Naito  and  Oka,  1936). 

Certain  structural  characteristics  have  been  emphasized  as  important  to 


the  development  of  tolerance.  For  example,  Yorke  and  Murgatroyd  (1930) 
concluded  that  a  substituted  phenyl  radical  was  of  prime  significance  in 
capacity  for  and  degree  of  resistance.  Again,  Hawking  (1937)  studied  the 
importance  of  the  side  chain  attached  to  the  phenylarsenoxide  nucleus  in 
the  determination  of  tolerance.  The  side  chains  possessed  a  relationship  to 
the  chemotherapeutic  index  of  these  compounds  in  that  they  tended  to 
diminish  the  toxicity  while  leaving  the  trypanocidal  activity  unchanged^ 
The  side  chains  were  related  to  tolerance,  preventing  the  combination  of 
the  phenylarsenoxide  nucleus  with  the  receptors  of  the  resistant  organism. 

The  time  of  exposure  necessary  for  the  development  of  fastness  to  a  given 
drug  varies  widely,  but  fastness  will  develop  to  any  known  drug.  Another 
study  of  structure  and  fastness  is  that  of  Yorke  and  h,s  colleagues  (1932) 
in  which  they  arrived  at  the  generalization  that  resistance  to  an  aromatic 
arsenical  or  antimonial  implied  resistance  to  other  aromatic  arsen, cals  and 
antimonials.  Further,  they  found  that  a  strain  made  resistant 
arsenical  was  sensitive  to  tartar  emetic,  while  a  strain  resist, 
aromatic  antimonial  was  also  fast  to  tartar  emetic. 
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Fig.  1.  Chemotherapeutic  agents  inducing  fastness. 

Concerning  the  problem  of  stability  of  drug  resistance  in  trypanosomes, 
Murgatroyd  and  Yorke  (1937)  reported  almost  indefinite  persistence  of 
adaptation.  A  strain  of  Trypanosoma  rhodesiense  maintained  its  resistant 
character  to  atoxyl  for  a  period  of  seven  and  one-half  years.  A  similar 
result  was  obtained  with  acriflavine.  Generally,  however,  adaptation  of  fast¬ 
ness  seems  to  decrease  with  repeated  passage  through  animals. 

The  facility  with  which  trypanosomes  develop  fastness  to  a  given  drug 
makes  imperative  the  proper  usage  of  the  drug.  It  must  be  given  in  amounts 
adequate  to  kill  all  organisms  in  the  body  and  not  allow  the  development  of 
resistant  strains.  The  importance  of  this  is  indicated  by  the  speed  of  de¬ 
velopment  of  resistance  to  the  new  drug,  antrycide  (Wilson,  1949).  Tryp¬ 
anosomiasis  in  cattle  and  other  domestic  animals  has  been  and  remains  a 
problem  of  major  importance  in  Africa.  The  introduction  of  antrycide 
represents  a  great  advance  in  the  chemotherapy  of  trypanosomiasis  com¬ 
plicated  largely  by  the  development  of  resistance.  Unfortunately,  trypano¬ 
somes  resistant  to  antrycide  are  also  resistant  to  the  second  line  of  chemo- 
t  erapeutic  defense  against  this  infestation,  namely  dimidium  bromide. 

e  mechanism  of  drug  resistance  in  trypanosomes  has  proved  an  elusive 
goa  or  many  years.  However,  decreased  absorption  or  fixation  of  dnm  by 

is  one  ba*ic  finding.  In  the  case  of  the  arsenfcals 
(1930  iqqiw  ^  ‘  (1909).  Later,  Yorke  and  his  associates 

nn  i  I93  confirmed  these  findings  when  they  showed  that  in  vitro 
normal  Trypanosoma  rhodesiense  remove  tryparsamide  from  the  medium 
and  reststant  forms  do  not.  Strains  of  trypanosomes  in  which  resistance  has 
spontaneously  developed  also  bind  less  arsenic  than  norma,  forms  (EaS 
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and  Magnuson,  1944).  Revelation  of  this  fact  came  from  studies  involving 
spontaneous  resistance  to  amino-  and  amide-substituted  phenyl  arsenoxides. 
These  same  trypanosomes  had  not  developed  resistance  to  phenyl  arsenox¬ 
ides  and  their  affinity  for  these  drugs  remained  unchanged. 

Similarly,  trypanosomes  resistant  to  the  action  of  acridine  dyes  do  not 
absorb  these  agents  in  contrast  to  the  affinity  of  the  normal  parasite  for  the 
drugs  (von  Jancso,  1931,  1932).  This  finding  has  been  amply  confirmed 
(Jadin,  1932;  Hassko,  1932;  Fischl  and  Singer,  1934,  1935;  Pedlow  and 
Reiner,  1935). 

It  seems  probable  that  decreased  absorption  of  drugs  by  resistant  tryp¬ 
anosomes  is  general,  but  there  has  been  to  date  no  final  resolution  of  the 
cause  of  this  phenomenon.  Schueler  (1947)  has  offered  a  theory  based 
upon  a  shift  in  the  isoelectric  points  of  some  of  the  constituent  proteins  of 
the  trypanosomes.  He  based  his  concept  upon  the  fact  that  trypanosomes 
made  resistant  to  a  given  amino  or  amido  substituted  phenylarsenoxide,  as 
well  as  to  certain  basic  dyes,  show  resistance  to  other  basic  substituted  but 
not  neutral  substituted  phenylarsenoxides.  Schueler  was  also  able  to  demon¬ 
strate  differences  in  the  stainability  of  strains  of  normal  and  drug  resistant 
trypanosomes  of  the  same  species,  thus  establishing  directly  differences  in 

the  isoelectric  points  of  constituents. 

Hawking  (1937)  proposed  that  receptor  groups  for  arsenic  were  modi¬ 
fied  from  the  normal  to  the  resistant  strains  of  a  trypanosome.  From  a  cor¬ 
relation  of  therapeutic  indices  and  “resistance  factors,  Hawking  con¬ 
cluded  that  the  receptor  sites  on  the  resistant  trypanosomes  more  closely 
resembled  those  of  the  tissues  of  the  host.  Eagle  and  Magnuson  (1944) 
failed  to  confirm  the  concept  of  Hawking.  Further,  Harvey  (1948)  has 
been  unable  to  associate  arsenic  resistance  with  any  alterations  in  sulf- 
hydryl  content.  In  view  of  the  established  variation  in  -SH  group  avail¬ 
ability  for  reaction  and  the  varied  vital  significance  of  these  moieties  (see 
Chapter  20),  it  is  not  possible  at  present  to  rule  out  the  probability  of 
receptor  site  modifications  between  resistant  and  normal  strains  nor  even 
to  eliminate  the  potentiality  that  the  receptor  sites  involved  will  be  the 

groups. 


Bacterial  Adaptation  and  Resistance 

Before  dealing  with  recent  concepts  of  bacterial  enzymatic  adaptation, 
let  us  consider  some  results  obtained  with  displacement  compounds.  In  t 
ease  of  the  sulfonamides,  it  is  not  our  intention  to  consider  the  matem I  n 
detail  as  it  has  been  thoroughly  reviewed  by  Henry  (U44).  The  sail 
features  will  be  considered  for  integration  into  the  general  concept  of 

biological  antagonism  well-known  phenomenon.  Sus- 

Natural  resistance  to  sulfonamides  is  a  SUaaested 

ceptibility  varies  over  an  extremely  broad  range  and  it  has  been  suro 
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that  this  is  due  to  two  factors:  ability  of  the  microorganism  to  synthesize 
sulfonamide  antagonists  and  diffusion  of  these  antagonists  once  synthesized. 
It  is  assumed  that  with  few  exceptions  this  mechanism  is  dependent  upon 
the  synthesis  of  p-aminobenzoic  acid  and/or  its  incorporation  into  the 
pteroylglutamic  acid  molecule.  This  latter  factor  renders  invalid  past  at¬ 
tempts  to  refute  the  displacement  concept  as  the  basis  of  sulfonamide  resist¬ 
ance,  because  increased  p-aminobenzoic  acid  synthesis  could  not  be 
demonstrated  in  some  instances. 

Acquired  resistance  to  sulfonamides  has  been  extensively  investigated. 
Every  organism  thus  far  studied  has  been  found  to  possess  the  ability  to 
acquire  resistance  to  the  action  of  sulfonamides.  The  list  includes  pneumo¬ 
cocci,  staphylococci,  streptococci,  meningococci,  diphtheria  bacilli.  Shigella , 
Escherichia  coli,  etc.  The  hypothesis  has  been  advanced  that  any  bacterium 
susceptible  to  the  action  of  sulfonamides  is  capable  of  acquiring  resistance 
to  these  drugs  (Kirby  and  Rantz,  1943;  Strauss  et  al.,  1941 ).  This  concept 
is  a  reflection  of  the  principles  of  biological  antagonism  as  it  would  be 
logical  in  a  competitive  displacement  system  to  anticipate  nullification  of 
antibacterial  action  with  increased  synthesis  of  the  displaced  nutrilite.  In¬ 
creased  synthesis  might  result  either  from  a  quantitative  change  in  synthetic 
enzyme  concentrations  or  the  development  of  new  channels  of  metabolism 
by  the  resistant  bacterium.  Further,  it  should  be  recalled  that  the  concept 
of  biological  antagonism  does  not  base  the  action  of  sulfonamides  exclu¬ 
sively  upon  a  specific  relationship  with  p-aminobenzoic  acid,  as  secondary 
inhibitors  must  be  considered. 

The  suggestion  that  exposure  to  a  sulfonamide  is  vital  to  the  development 
of  resistance  (Kirby  and  Rantz,  1943;  Strauss  et  al.,  1941)  could  not  be 
valid  unless  there  were  a  defect  in  the  general  concept  of  biological  antago¬ 
nism.  Bacteria  which  can  be  nutritionally  trained  to  acquire  an  ability  to 
synthesize  a  factor  where  that  factor’s  concentration  in  the  medium  is 
slowly  diminished,  should  automatically  develop  resistance  to  any  displac¬ 
ing  agent  functioning  by  virtue  of  interference  with  the  given  nutrilite.  This 
has  been  done  with  p-aminobenzoic  acid  and  sulfonamides.  In  fact,  it  is 
possible  to  train  Neurospora  mutants  to  require  sulfonamides  as  essential 
factors  (Emerson,  1947)  instead  of  p-aminobenzoic  acid.  Further,  p- 
aminobenzoic  acid  is  known  to  prevent  completely  the  development  of  fast¬ 
ness  following  experimental  sulfonamide  exposure  (Strauss  et  al.,  1941a). 

The  duration  of  resistance  to  sulfonamides  remains  a  moot  Question  hut 


suits  reported  indicate  that  some  retain  virulence  and 
of  the  p-aminobenzoic  acid-sulfonamide-folic  acid  i 
been  presented  in  Chapter  3. 


interrelationship  have 
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It  is  impossible  to  overemphasize  the  necessity  of  regarding  the  concept 
of  biological  antagonism  as  the  extremely  complex  structure  it  actually  is. 
There  is  no  possibility  that  A  displaces  B  and  that  this  is  the  basis  of  action 
of  A,  nor  that  B  synthesized  by  microorganism  X  displaces  A  and  that  this 
is  the  basis  of  acquired  resistance.  To  be  sure,  this  is  part  of  the  story  but 
only  a  part.  Biochemistry  itself  has  not  yet  developed  to  that  point  at  which 
it  can  be  conclusively  stated  that  there  are  X  pathways  leading  to  a  given 
metabolic  endpoint.  We  know  some  of  the  pathways  but  not  all;  we  can 
exclude  nothing  from  the  development  of  the  concept  of  structural  displace¬ 
ment. 


Resistance  to  Metabolite  Analogues 

The  chemotherapeutic  activity  of  pantoyltaurine  is  restricted  to  those 
microorganisms  which  require  pantothenic  acid  for  their  growth  (Mcllwain, 
1942).  In  fact,  Mcllwain  (1943)  specifically  correlated  the  varying  re¬ 
sistance  to  pantoyltaurine  of  different  natural  and  experimentally  prepared 
strains  of  Corynebacterium  diphtheriae  with  their  ability  to  grow  in  the 
presence  of  /?-alanine  and  in  the  absence  of  pantothenic  acid.  The  resistant 
strains  synthesized  pantothenic  acid,  which  in  turn  counteracted  the  pan¬ 
toyltaurine.  With  streptococci,  the  story  was  different.  The  fast  strains  of 
Streptococcus  hemolyticus  still  needed  pantothenate  for  growth.  To  com¬ 
plicate  the  picture  further,  Mcllwain  found  that  the  addition  of  salicylate 
to  the  medium  rendered  susceptible  the  pantoyltaurine  resistant  strepto¬ 
coccal  strains  and  other  organisms  insensitive  to  the  analogue.  He  suggested 
that  the  resistant  streptococci  differed  from  their  parent  strains  in  possessing 
metabolic  processes  alternative  to  those  susceptible  to  the  displacing  agent. 
These  alternate  pathways  were  inhibited  by  the  salicylates. 

One  of  the  most  remarkable  advances  in  the  field  of  resistance  and 
adaptation  was  made  by  Mcllwain  (1943)  when  he  demonstrated  that  drug 
resistant  strains  could  be  derived  in  the  absence  of  exposure  to  the  drug. 
Pantoyltaurine  resistant  strains  of  Corynebacterium  diphtheriae  were  pre¬ 
pared  by  serial  subculture  in  the  presence  of  excess  /3-alanine  and  absence 
of  pantothenate  and  in  the  presence  of  small  amounts  of  /3-alan.ne  but 
falling  concentrations  of  pantothenate.  Conversely,  pantoyltaurine  sensitive 
strains  were  obtained  by  repeated  subculture  in  the  presence  of  large  con¬ 
centrations  of  pantothenate.  In  the  case  of  the  derived  resistant  s .  rams  re¬ 
treated  subculture  in  normal  laboratory  media  established  the  stability  of 
fesis  ance  By  his  work.  Mcllwain  demonstrated  that  the  presence of  the 
drug  is  not  essential  to  the  development  of  drug  resistant  strams  and  that 
the  natural  variation  in  resistance  of  organisms  not  known  to  have  been 
pYnnsed  to  the  drug  is  a  nutritional  phenomenon.  .  .  • 

interesdng  corollary  of  this  general  line  of  reading  ***“ 
deficiencies  should  increase  resistance  to  certain  ac 
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assuming  that  greater  injury  would  not  result  from  the  vitamin  deficiency. 
Clearly,  in  the  event  of  greater  requirement  for  a  given  vitamin  on  the  part 
of  the  parasite  than  of  the  host,  there  should  be  a  point  at  which  a  vitamin 
deficiency  would  be  beneficial  whether  produced  by  displacement  com¬ 
pounds  or  by  decreasing  dietary  intake.  That  this  line  of  reasoning  is  sound 
has  been  demonstrated  by  West  and  his  associates  (1944)  who  found  that 
pantothenate  deficient  albino  rats  were  less  susceptible  to  infection  with 
Type  I  pneumococcus  than  litter  mates  receiving  the  vitamin.  Pantothenic 
acid  is  required  by  this  bacterium  for  growth  and  this  growth  is  inhibited  by 
pantoyltaurine.  This  same  group  (1943,  1944)  suggests  that  the  action  of 
some  sulfonamides  is  partially  due  to  interference  with  pantothenate  metab¬ 
olism  and  that  pantothenic  acid  deficiency  can  be  produced  by  feeding  sul- 
fapyridine  to  rats.  This  serves  to  reemphasize  the  complexity  of  this  general 
problem,  and  that  no  chemotherapeutic  agent  acts  solely  by  blocking  a 
single  enzyme  system;  the  action  is  invariably  multiple. 

Woolley  and  White  (1943)  demonstrated  the  growth  inhibitory  effect  of 
pyrithiamine  in  those  microorganisms  requiring  thiamine  or  its  component 
pyrimidine  and  thiazole  portions  for  growth.  The  analogue  was  most  ef¬ 
fective  against  those  organisms  requiring  intact  thiamine  for  growth.  These 
workers  were  able  to  induce  resistance  to  pyrithiamine  in  Endomyces 
vernalis  in  such  degree  that  it  required  25  times  as  much  of  the  compound 
to  inhibit  growth.  The  resistant  strain  still  required  thiamine  or  its  pyrimi¬ 
dine  portion  as  a  growth  factor. 


Another  example  of  fastness  against  displacing  agents  was  reported  by 
Mcllwain  (1941).  He  worked  with  a-aminosulfonic  acids  as  metabolite 
analogues  and  found  these  chemicals  capable  of  Dreventinn  growth  nf  * 
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resistant  cells,  however, 
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lost  their  resistance  when  they  developed  fastness  to  proflavine.  Again, 
proflavine  resistant  cells  could  be  rendered  sulfonamide  fast  without  loss 
of  the  proflavine  immunity.  In  explanation,  these  authors  proposed  that  two 
coupled  enzyme  systems  were  involved.  They  assumed  that  a  series  of  in¬ 
dependent  enzyme  systems  exist,  the  products  of  one  being  the  substrates  of 
subsequent  members  of  the  system.  Antibacterial  agents  impair  such 
sequences. 


Mechanisms 

Detailed  studies  of  drug  resistance  have  led  to  the  development  of  the 
concept  of  enzymatic  adaptation.  Work  and  Work  (1948)  consider  this 
phenomenon  in  two  categories:  (a)  that  of  an  immediate  nature,  prompt 
in  development  and  evanescent  following  withdrawal  of  drug  exposure, 
and  (b)  that  associated  with  variation  by  selection  which  is  slow  to  de¬ 
velop  and  persists  following  discontinuation  of  exposure  to  the  drug. 

It  seems  probable  that  either  form  of  adaptation  represents  a  response  of 
some  prototype  enzymatic  raw  material  to  environment.  The  contention  of 
Sevag  (1945)  that  all  proteins  are  potentially  enzymes  combined  with 
knowledge  of  adaptation  strongly  implies  that  relative  specificity  is  built 
from  a  common  structure.  In  other  words,  a  given  protein  moiety  can,  de¬ 
pending  upon  its  environment,  develop  a  substrate  specificity  in  much  the 
same  manner  as  antibodies  are  formed  in  response  to  the  “template  antigen 
(Pauling,  1940).  Limitations  apparently  occur  in  distribution  of  the  raw 
material  for  adaptation  to  certain  substrates.  For  example,  Aerobacter 
aerogenes  after  100  subcultures  in  a  phenol-containing  medium  showed  no 
detectable  adaptation  (Davies  and  Hinshelwood,  1943;  Davies  et  al„  1944, 
1945-  Pryce  and  Hinshelwood,  1947).  The  concept  of  environmental  en- 
zyme  creation  automatically  carries  the  correlative  that  adaptation  could 
be  eliminated  by  induction.  This  has  been  demonstrated  by  James  and 
Hinshelwood  (1947)  who  found  that  sulfonamide  resistant  Aetobac  er 
“  -  became  susceptible  in  the  presence  of  proflavine.  The  e hm, nation 
of  sulfonamide  resistance  did  not  occur  in  microorganisms  adapted  to 

^Thcre^are  many  examples  of  enzyme  adaptation.  Karstrom  (1938) 
demonstrated  such  biochemical  adjustment  P^'erns  w.th  respect  ' 

tcrial  response  to  normally  nonfermentable  sugars.  Wort .  and  Work  ( 
commenting  upon  this  type  of  adaptation  in  icae  quantitative 

not  represent  formation  of  a  new  enzyme  bul of  globu. 
variation.  This  view  does  not  seem  comas  fC"  Qne  such  form  wjil  be 

lar  and  fibrous  protein  forms  and  t  e  ■  me  formation  seems 

enzymatically  active  and  the  other  mac  tv  •  „  reference  to  an 

a  distinct  possibility  provided  the  word  new  is  used  w 
environmentally  modified  apoenzyme  moie  y. 
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Again,  Mirick  (1943)  has  demonstrated  that  soil  bacilli  can  be  trained 
so  that  their  capacity  for  the  oxidation  of  p-aminobenzoic  acid  is  markedly 
increased.  Another  example  of  enzymatic  adaptation  is  the  increased  cat¬ 
alase  activity  of  sulfonamide  resistant  bacteria  (Cole  and  Hinshelwood, 
1947).  Further,  there  are  dehydrogenase  activity  changes  associated  with 
the  development  of  crystal  violet  insensitivity  (Davies  and  Hinshelwood, 
1947). 

The  development  of  drug  resistance  and  the  occurrence  of  enzyme  adap¬ 
tation  have  been  demonstrated  in  the  absence  of  cell  division  and  therefore 
without  natural  selection  (Dubos,  1940;  Spiegelman  et  al.,  1944).  It  has 
been  postulated  that  enzymatic  adaptation  is  an  immediately  competitive 
phenomenon.  Monod  (1943,  1944,  1945)  and  Spiegelman  (1946)  have 
proposed  direct  competition  between  structurally  similar  potential  sub¬ 
strates  for  a  common  preenzyme.  The  relative  affinity  of  the  substrates  for 
the  preenzyme  would  determine  the  specificity  of  the  resulting  enzyme.  As 
an  example,  a  culture  adapted  to  maltose  can  be  adapted  to  galactose  but 
in  the  process  there  is  a  decrease  in  the  maltase  activity. 

Enzymatic  adaptation  in  association  with  cell  division  develops  more 
slowly  but  has  the  elements  of  permanence.  By  contrast,  adaptive  processes 
without  cell  division  are  evanescent,  usually  disappearing  with  a  few  sub¬ 
cultures  in  media  devoid  of  the  agent  initiating  the  resistance.  Spontaneous 
development  of  tolerance  occurs  with  the  result  that  drug  resistant  forms 
are  produced  which  have  never  been  exposed  to  the  drug. 

From  the  premise  that  all  drug  action  is  due  to  altered  enzyme  kinetics, 
it  can  be  stated  that  resistance  would  follow  if  a  displaced  substrate,  co¬ 
factor,  coenzyme,  etc.  were  produced  in  larger  quantities.  This  is  funda¬ 
mental  to  the  concept  of  biological  antagonism;  and  we  have  discussed 
example  after  example.  Most  of  these  have,  however,  been  in  association 
with  added  increment  of  substrate  for  reversal  of  inhibitory  action.  As  an 
example  of  this  type  of  resistance  development,  some  strains  of  Staphylo¬ 
coccus  aureus  made  resistant  to  sulfonamides  produced  100  times  as  much 
p-aminobenzoic  acid  as  did  the  susceptible  form  (Landy  et  al.,  1943).  On 
the  other  hand,  strains  of  Escherichia  coli,  Vibrio  cholerae,’  etc.  trained 
to  nonsusceptibility  to  sulfonamides  produce  no  greater  amounts  of  p- 
aminobenzoic  acid  (Landy  et  al.,  1943;  Housewright  and  Koser,  1944). 

Again,  the  development  of  resistance  in  bacteria  might  well  be  due  to 
the  creation  of  alternate  metabolic  pathways.  Inhibition  of  a  given  enzyme 
will  be  nullified  by  supplying  the  products  of  the  action  of  that  enzyme  and 
*hlS  ca"be  d0"e  -a  channels  no,  blocked  by  ,he  inhibitory  compound 
An  excellent  example  of  the  use  of  alternate  metabolic  pathways  to  circum¬ 
vent  an  inhibitor  in  the  development  of  resistance  is  that  reported  by  Wie- 
gert  and  Werkman  (1939).  They  found  that  Propionibacterium  pento- 
saceum  grown  anaerob.cally  breaks  down  glucose  and  phosphoglyceric 
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acid  to  carbon  dioxide.  Sodium  fluoride  blocks  this  reaction,  specifically 
inhibiting  the  metabolism  of  phosphoglyceric  acid.  A  fluoride  resistant 
strain  was  entirely  unable  to  utilize  phosphoglyceric  acid  which  suggests 
an  entirely  different  metabolic  sequence  for  the  metabolism  of  glucose. 
Again,  Sevag  and  Green  (1944)  using  a  sulfonamide  resistant  Staphylo¬ 
coccus  aureus  found  that  changing  the  glucose-containing  medium  to  one 
containing  pyruvate  resulted  in  loss  of  the  resistance.  A  final  and  somewhat 
different  type  of  metabolism  modification  demonstration  is  that  of  Kohn 
and  Harris  (1942)  who  found  it  possible  to  train  Escherichia  coli  to  sul¬ 
fonamide  resistance  in  a  medium  containing  methionine.  During  training, 
methionine  became  an  essential  metabolite  for  the  bacteria. 

There  is  still  another  mechanism  for  resistance  and  it  is  associated  with 
the  development  by  the  organism  of  the  ability  to  detoxify  the  drug  either 
by  conjugation,  oxidation,  or  other  process.  This  mechanism  is  operative 
in  the  resistance  of  Gram-negative  bacilli  to  penicillin  which  is  associated 
with  production  of  the  enzyme,  penicillinase  (Abraham  and  Chain,  1940). 

Enzymatic  adaptation  may  proceed  to  such  degree  that  the  normally 
inhibitory  chemical  becomes  essential.  Emerson  and  Cushing  (1946) 
trained  a  strain  of  Neurospora  so  that  it  became  not  only  sulfonamide  re¬ 
sistant  but  actually  sulfonamide  dependent.  In  the  field  of  the  antibiotics, 
Miller  (1948)  reports  the  development  of  mutant  bacterial  strains  de¬ 
pendent  upon  streptomycin  for  growth.  Adaptation  of  this  type  necessarily 
implies  actual  involvement  of  the  sulfonamide  or  similar  molecules  in  the 
enzymatic  processes  of  the  resistant  organism.  In  a  sense,  this  is  the  ultimate 
in  adaptive  processes  as  it  implies  readjustment  of  multiple  metabolic 
systems.  In  the  case  of  the  sulfonamide  requiring  Neurospora,  the  sulfona¬ 
mide  must  be  incorporated  into  complex  units  in  place  of  p-aminobenzoic 
acid  This  would  require  a  change  in  the  enzyme  synthesizing  the  complex 
units  and  some  alteration  in  the  sequence  of  biochemical  events  following 
this  incorporation  of  a  foreign  molecule,  as  it  is  difficult  to  imagine  t  e 
normal  chains  of  reactions  accepting  the  modified  molecules. 


Practical  Applications 

Prevention  of  the  development  of  resistance  by  adaptation  is  one  of  the 
most  important  problems  of  chemotherapy.  TheoreUcaHy  this  goal  cou 
be  achieved  by  preventing  the  synthesis  of  the  displaced  nutn  tte  by  block 
ing  the  development  of  alternate  pathways  of  metabolism  and  finally  y 
inhibiting  the  ‘'detoxication”  processes.  Prae.ically,  each  of  these  ap- 

nroaches  has  been  used  with  success.  . 

The  first  approach  involves  the  use  in  combination  of  agents  capable  of 

displacing  a  given  nutrilite  and  one  preventing  the  synthesis  of  the  di  ¬ 
sced  factor8  Mcflwain  (1942)  found  that  ^ 

taurine  insensitive  bacteria  susceptible.  The  explanation  of  this  observat, 


Comment 

lies  in  the  fact  that  the  salicylate  blocked  the  synthesis  of  pantothenic  acid, 
a  capacity  developed  in  high  degree  in  the  resistant  form.  The  salicylate 
displaces  the  pantoic  acid  moiety  from  the  enzymatic  system  involved  in 
the  formation  of  the  vitamin. 

A  second  approach  lies  in  the  prevention  of  the  development  by  the 
bacterial  cell  of  alternate  pathways  of  metabolism,  or  displacement  of  the 
products  of  the  alternate  pathways.  As  an  example,  the  combined  use  of 
sulfonamides  and  certain  purine  displacing  agents  results  in  a  profound 
synergistic  effect  (Roblin  et  al.,  1945).  The  purine  displacing  agents  prevent 
either  the  formation  of  or  activity  of  those  purines  which  are  secondary 
displacing  agents  for  the  sulfonamides.  It  is  probable  that  the  streptomycin 
inhibition  of  the  production  of  adaptive  enzymes  (Fitzgerald  and  Bernheim, 
1948)  is  due  to  the  combination  of  the  antibiotic  with  some  nucleoprotein 
which  would  represent  another  pathway  to  the  same  goal.  Again,  fluoro- 
acetate,  iodoacetate,  and  2,4-dinitrophenol  possess  the  power  of  preventing 
adaptive  enzyme  production  (Fitzgerald  et  al.,  1949)  in  mycobacteria.  It 
seems  therefore  premature  to  speculate  upon  the  basic  mechanisms  in¬ 
volved. 

The  third  approach  to  the  prevention  of  fastness  in  bacteria  would  be 
the  blockage  of  “detoxication”  processes.  This  procedure  has  found  practi¬ 
cal  application  in  the  use  with  penicillin  of  agents  capable  of  inhibiting 
penicillinase  (Cronheim,  1949). 

The  use  of  multiple  chemotherapeutic  agents  doubtless  owes  its  success 
to  the  prevention  of  resistance  development  by  one  or  more  of  the  three 
mechanisms  discussed.  In  the  work  of  Carpenter  et  al.  (1945),  no  resist¬ 
ance  development  occurred  when  sodium  sulfathiazole,  rivanol,  promine, 
and  penicillin  were  used  in  combination.  Only  slight  adaptation  was  at¬ 
tained  to  a  combination  of  three  of  these  agents.  Fastness  developed  in 
high  degree  to  any  one  of  the  four  chemotherapeutic  agents  used  alone. 


Comment 


Adaptive  enzyme  formation  is  probably  a  manifestation  of  biological 
antagonism  in  which  two  structurally  related  molecules  compete  to  confer 
specificity  on  some  preenzyme  material.  This  assumes  that  all  proteins  are 
capable  of  functioning  as  enzymes  under  the  proper  environmental  condi¬ 
tions.  In  vivo  demonstration  of  this  premise  seems  to  have  been  attained- 
in  vitro  demonstration  will  be  most  difficult  because  duplication  of  in  vivo 

complexity PreSe"tS  'he  neCeSS‘ty  f0r  the  crealion  of  a  medium  of  ultimate 


raw  Srrpt‘r  °f  SPedfiC  enzyme  formation  some  presently  unknown 

forceT  knownPto  hPrSeS  °nly  0peration  of  ,hose  short-range  chemical 
forces  known  to  be  functioning  in  antigen-antibody  systems  The  bendino 

twisting,  turning  of  peptide  chains  would  be  involved.  The  exposure  !i 


468 


Drug  Resistance  and  Bacterial  Adaptation 

surface  areas  not  available  prior  to  the  alteration  of  the  environment  would 
play  a  major  role.  It  is  not  difficult  to  conceive  of  comparatively  minor 
changes  in  the  geometric  form  of  a  protein  molecule  resulting  in  modifica¬ 
tion  of  the  reaction  site  for  substrate.  The  spacing  of  reactive  surface  groups 
would  depend  entirely  upon  configurational  aspects  of  the  amino  acid  string. 

Adoption  of  the  concept  of  new  formation  of  enzyme  in  response  to 
environment  does  not  preclude  alterations  in  the  quantitative  enzyme  com¬ 
position  of  the  organism.  This  can  and  doubtless  does  occur.  It  would  be 
independent  of  or  intimately  related  with  the  qualitative  changes  seen  in 
adaptive  enzyme  reactions. 
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Chapter  22 

GENERAL  COMMENT  AND  THE  THEORY  OF  BIOLOGICAL 

RELATIVITY 


General  Comment 


The  concept  of  the  growth  factor  as  “an  essential  metabolite  which  can¬ 
not  be  synthesized”  was  expressed  by  Fildes  (1940)  and  is  of  paramount 
importance  in  a  generalized  consideration  of  biological  antagonism.  Essen¬ 
tial  metabolites  are  believed  to  be  common  to  all  cells,  the  distinguishing 
characteristic  being  in  the  requirements  for  growth  factors.  Escherichia  coli 
requires  only  ammonium  as  the  building  material  for  all  its  nitrogenous 
components.  Salmonella  typhosum  must  have  preformed  amino  acids  for  its 
growth;  it  will  not  grow  in  a  medium  containing  only  ammonia.  Coli  is  able 
to  synthesize  the  amino  acids,  which  typhosum  must  have  preformed.  Nico¬ 
tinic  acid  is  vital  to  the  growth  of  Proteus  vulgaris.  Proteus  cannot  form 
nicotinic  acid  from  ammonia  or  from  amino  acids;  apparently  coli  and 
typhosum  can.  Cozymase  must  be  present  preformed  for  the  growth  of 
Hemophilus  influenzae,  which  cannot  synthesize  this  factor  from  ammonia 
or  amino  acids  or  even  from  nicotinic  acid. 


From  these  facts,  it  is  clear  that  chemotherapeutically  active  displace¬ 
ment  agents  must  be  designed  in  accordance  with  requirements  for  growth 
factors.  If  they  are  to  be  designed  for  essential  metabolites,  the  agent  or 
agents  must  both  displace  the  essential  metabolite  and  prevent  its  forma¬ 
tion.  A  design  in  displacing  agents  which  brought  only  displacement  of  an 
essential  metabolite  would  be  useless,  as  the  essential  metabolite  bein^ 

synthesized  by  the  bacterium  would  accumulate  and  in  turn  render  the  dis¬ 
placing  agent  innocuous. 

The  importance  of  an  extensive  knowledge  of  growth  factor  requirements 

a  en  s  c‘ar:V  :SPenSabl\‘0  ^  intdliSent  des*"  of  chemotherapeutic 
but  a  so  m  he  I' 0"  mUSt  giVe"  n°‘  °nly  ‘°  the  bacterial  acquirements 
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cocci,  it  would  be  illogical  to  use  a  thiamine  displacer  as  a  chemotherapeutic 
agent  in  such  infections. 

The  logic  of  the  application  of  the  concept  of  antagonism  to  the  design 
of  chemotherapeutic  agents  is  indicated  on  consideration  of  two  points. 
First,  the  relative  specificity  of  such  agents  assures  their  lower  toxicity.  If  a 
chemical  acts  on  a  single  system,  it  will  not  have  the  generalized  toxicity  of 
one  acting  on  many  systems.  Comparison  of  a  general  protoplasmic  poison 
such  as  quinine  with  a  relatively  specific  agent  such  as  pantoyltaurine  illus¬ 
trates  the  point.  The  most  specific  chemotherapeutic  agent  would  be  that 
one  antagonizing  the  functions  of  a  factor  essential  to  an  enzymatic  system 
which  bears  the  greatest  degree  of  relative  specificity  for  a  given  essential 
substrate  transformation.  Second,  as  the  antidote  for  the  structural  displace¬ 
ment  compound  is  immediately  available  it  could  be  pushed  to  the  limit 
without  fear  of  overdosage.  In  the  event  of  overdosage  with  pyrithiamine, 
for  instance,  thiamine  could  be  injected  to  correct  the  situation,  whereas 
in  the  event  of  overdosage  with  an  agent  such  as  quinine  there  is  no  treat¬ 
ment  other  than  symptomatic  and  palliative. 

The  mechanism  of  action  of  biological  antagonists  and  more  specifically 
of  displacement  compounds  is  in  the  alteration  of  the  kinetics  of  enzymes. 
In  general,  factors  influencing  the  kinetics  of  enzyme  action  include  sub¬ 
strate  and  enzyme  concentration,  concentration  of  products  of  the  actions, 
coenzymes,  ions,  pH,  temperature,  etc.  Of  these,  only  the  factor  of  temper¬ 
ature  is  beyond  the  sphere  of  biological  antagonism,  since  even  the  pH  in 
the  sense  of  hydrogen  ions  is  subject  to  antagonistic  phenomena  of  the 
competitive  type  as  seen  with  the  acridines.  Displacement  agents  can  there¬ 
fore  be  designed  in  accordance  with  the  structures  of  vitamins,  amino  acids, 
purines,  pyrimidines,  etc.,  or  with  segments  of  these  molecules. 


In  general,  the  concluding  section  of  each  chapter  has  offered  the  out¬ 
standing  theoretical  concepts  developed  upon  the  material  contained  in  that 
chapter,  but  several  warrant  repetition.  One  of  the  most  important  to  the 
field  of  biology  is  the  concept  of  relative  enzyme  concentrations  in  tissues 
as  the  basis  of  selective  action.  It  proposes  that  the  tissue  or  cell  primarily 
afferted  bv  a  chemical  will  be  that  one  containing  the  smallest  concentration 
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Pharmacology  is  considered  as  applied  biological  antagonism.  The  re¬ 
ceptor  sites  for  pharmacologically  active  molecules  are  regarded  as  identical 
in  type  with  those  receptor  positions  on  enzymes  which  receive  cofactors 
or  form  the  loci  for  substrate  associations.  The  activity  of  a  pharmacological 
agent  will  depend  partially  upon  the  effective  concentration  of  that  agent  at 
a  given  time  and  this  in  turn  depends  upon  the  amount  present  correlated 
with  the  natural  and  synthetic  inhibitor  concentrations  at  the  point  of 
action;  it  will  be  related  also  to  the  timing  of  supply  of  the  drug  and  its 
speed  of  destruction  or  modification.  A  point  of  great  importance  in  con¬ 
sideration  of  biological  antagonism  as  related  to  pharmacology  is  the  position 
of  the  effector  sites,  which  may  in  some  cases  be  protected  (in  the  sense  of 
occupying  a  position  within  a  fold  of  the  complex  molecular  units  involved) 
and  therefore  not  available  for  reaction.  Further,  receptor  sites  for  a  given 
system  will  vary  slightly  in  structure,  e.g.,  the  parasympathetic  receptor 
sites  at  the  neuromuscular  junction,  in  the  ganglia  and  on  the  nerve  fibers. 


These  slight  structural  variations  in  receptor  sites  give  relative  specificity 
within  the  broad  class  of  agents  designated  as  parasympathomimetic.  Again, 
there  is  a  distinct  overlap  phenomenon  in  that  structural  similarities  exist 
between  the  receptor  sites  in  various  systems.  As  an  example,  the  anti¬ 
histamines  possess  in  varying  degree  the  characteristics  of  local  anesthetics, 
antispasmodics,  sympathomimetics,  and  sympatholytics. 

All  biological  antagonists  can  be  divided  into  two  great  classes,  natural 
and  synthetic.  The  synthetic  antagonists  are  those  of  prime  concern  in 
c  emotherapy  and  pharmacology.  The  natural  antagonists  are  those  of 
prime  concern  in  physiology  and  biochemistry.  The  antagonistic  interrela¬ 
tionships  of  the  amino  acids  well  illustrate  the  significance  of  the  concept. 
It  is  proposed  that  these  antagonistic  phenomena  are  the  buffering  mech¬ 
anisms  essential  to  the  constancy  and  orderliness  of  living  processes  The 
capacy  of  ,he  enzyma,ic  milieu  for  ihe  formation  of  complex  proJin 
of  unvary, ng  composition  has  long  been  regarded  as  the  peak  of  biological 

ThC  ,pr°p0SaI  15  here  made  that  the  m“jor  factor  in  this  process 
is  the  biological  antagonisms  between  naturally  occurrin«  amino  acids 

which  result  m  the  function  of  the  proteosynthetic  enzyme  in  a  medium  of 
sentially  constant  composition  from  the  standpoint  of  availability  The 
available  ammo  acid  concentrations  are  buffered  in  the  same Ten e tlv 
drogen  ,on  concentrations  are  buffered  in  a  biological  system  y' 

Placets  wilfp^rgLtafan™1"0  rid  ^  that  dis’ 

effect  is  that  reflected  in  protein  synthe^  *  T  V  Specific  effect'  The  general 
specific  is  associated  with  the  individuaUm  notws  Ethio™"0  The 

r.  sr 

specific  sense,  ethionme  wil,  proven!  thl  “  ^hio^nfro^ 
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tine.  In  all  instances  of  biological  antagonism,  concentration  effects  are 
noted  in  that  the  amount  of  the  antimetabolite  blocking  one  function  of  a 
nutrilite  will  differ  from  that  for  blockage  of  another. 

A  metabolite  analogue  may  block  one  enzyme  functioning  in  the  metabo¬ 
lism  of  a  given  amino  acid  and  yet  stimulate  a  second.  Indoleacrylic  acid 
blocks  tryptophan  synthesis  by  Escherichia  coli  and  yet  stimulates  the  de¬ 
struction  of  this  amino  acid  by  tryptophanase.  Another  peculiarly  significant 
discovery  is  that  an  organism  utilizing  an  amino  acid  for  growth  can  convert 
that  amino  acid  into  a  chemical  useful  in  defense  against  viral  invasion.  An 
example  of  this  lies  in  the  ability  of  Escherichia  coli  to  convert  tryptophan, 
normally  used  as  an  essential  metabolite  and  functioning  as  a  cofactor  for 
virus  adsorption,  into  indole,  which  displaces  or  inhibits  this  adsorption. 
Still  another  interesting  aspect  of  biological  antagonism  in  the  amino  acid 
series  is  illustrated  by  methionine  sulfoxide,  an  antimetabolite  for  glutamic 
acid,  which  is  a  normal  product  of  the  metabolism  of  methionine. 

Study  of  biological  antagonism  as  related  to  proteins  leads  to  the  formu¬ 
lation  of  the  concept  that  surface  reaction  sites  will  vary  with  the  functional 
state  of  the  protein,  particularly  those  occurring  in  fibrous  and  globular 
forms.  Surface  sites  in  the  fibrous  form  may  well  be  within  the  folds  of  the 
amino  acid  chain  in  the  globular  type.  This  phenomenon  might  offer  the 
basis  for  physiological  alteration  of  protein  form  such  as  occurs  in  the 
course  of  muscular  contraction  and  relaxation. 

There  seems  little  doubt  that  much  of  the  important  work  in  the  field  of 


biological  antagonism  in  the  future  will  involve  study  of  the  details  of  pro¬ 
tein  structure  and  surface  nature.  It  is  after  all  the  structural  surface  char¬ 
acteristics  of  the  protein  which  determine  reaction  sites  and  therefore  the 
degree  of  specificity  seen  in  inhibitory  phenomena.  Coenzymes,  substrates, 
and  other  correlatives  of  the  protein  enzyme  moiety  are  but  manifestations 
of  the  complementariness  of  reaction  sites  and  reacting  material.  T  e 
surface  characteristics  will  be  determined  by  the  second  substituent  on  the 
alpha  carbon  of  the  amino  acids.  It  seems  probable  that  certain  deductions 
might  be  made  on  a  hypothetical  basis  from  a  consideration  of  the  more 
complex  alpha  carbon  substituents.  These  complex  moiet.es  would  probably 
be  the  ones  giving  specificity  characteristics  to  surfaces.  A  simple  ammo 
add  such  as  glycine  could  do  no  more  than  provide  a  structural  unit  g.vmg 

"P  As^sphere'of  the  broader  field  of  biological  antagonism,  immunology 
is  viewed  in  the  light  of  the  reactions  involving  the  antigen-enzyme, 
toxic  antigen,  the  toxin,  normally  reacts  with  a  host  substrate  Pfodu cmg 
a  toxic  chemical.  As  an  antigen,  the  antigen-enzyme  reacts 
strate,  the  serum  globulin,  producing  an  ant.  o  y,  a  n  o 

lin  This  is  an  enzymatic  reaction  in  the  strictest  sense  of  the  worm  me 
antibody  once  formed  functions  as  a  displacing  agent,  preventing 
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action  between  the  antigen  and  the  normal  host  substrate  from  which  a 
toxic  agent  would  be  produced. 

One  striking  demonstration  of  the  physical  forces  in  biological  antago¬ 
nism  involves  the  direct  correlation  of  enzymatic  inhibitors,  simple  hapten 
blocking  agents,  and  molecules  forming  mixed  crystals.  This  is  well  illus¬ 
trated  by  the  findings  with  benzene,  thiophene,  and  furan  rings.  By  physical 
criteria  and  by  immunological  reactions,  benzene  and  thiophene  are  identi¬ 
cal  while  furan  is  more  remote  in  its  resemblance.  In  the  sphere  of  enzy¬ 
matic  displacement  phenomena,  /?-2-thienylalanine  and  /?-2-furylalanine 
are  effective  antagonists  of  phenylalanine. 

In  general,  three  phases  of  the  metabolism  of  a  vitamin  B  complex  factor 
can  be  inhibited.  For  example,  the  formation  of  pantothenic  acid  is  in¬ 
hibited  by  molecules  related  to  pantoic  acid;  the  formation  of  coenzyme  A 
by  molecules  such  as  pantoyltaurine;  and  the  action  of  coenzyme  A  by 
molecules  such  as  d-(2-(pantoylamino)-ethylsulfono)-4-nitroanilide.  With 


most  of  the  other  factors,  molecular  units  are  known  which  prevent  the 
formation  of  the  nutrilite  and  its  incorporation  into  an  enzyme,  and  finally 
block  the  function  of  the  preformed  enzyme. 

The  creation  of  effective  metabolite  analogues  for  pteroylglutamic  acid 
rather  characterizes  the  general  methods  for  the  formation  of  such  agents 
4-Aminopteroylglutamic  acid  represents  a  pteridyl  moiety  modification; 
pteridylsulfoglutamic  acid  a  p-aminobenzoic  acid  moiety  change;  and 
pteroylaspartic  acid  a  glutamic  acid  moiety  modification.  The  pattern 
throughout  the  B-complex  series  is  to  form  displacers  by  ring  change 
altered  substituent  structure,  or  side  chain  modification. 

rea!firinVth  Sen£faI  me,tafb°lite  analoSues  prevent  the  growth  of  organisms 
requiring  the  preformed  factor,  this  is  not  always  the  case  as  there  are  folic 

ac,d  antagonists  which  function  against  bacteria  capable  of  synthesizing 
the  vitamin.  In  the  amino  acid  series  we  find  canavanine,  which  acts  against 
organisms  whether  or  not  they  synthesize  arginine.  S 

The  necessity  of  creating  analogues  approximating  the  structural  chine 
ns,cs  of  cofactors  for  displacement  of  these  units  is  well  illuslraied tv  The' 

boxylase  antThc  effi,nC  °Xy'hianl.ine  monophosphate  to  block  cocar- 

cofactor.  In  the  thiam^dkpbcer^Atth^MTfi 1 S. 3  d‘*placer  for  the 

animals.  Ce  °f  th'S  manifestatl°n  in  pyrithiamine  treated 


Ihe  vitamins  H  whtre  Tht^lt.'tcnuc^rf'5''0  SyStems  is  seen  in  studies  of 
performed  in  many  TytemT  bv  v  '  '0"8  °f  **  Can  be 

specificity  is  only  relative  This  raises  Y  °l\  molecular  structures.  The 
•o  identify  the  form  of  the  vitamm  which  isthe 


476 


General  Comment  and  the  Theory  of  Biological  Relativity 


example,  the  sulfonic  acid  analogue  of  desthiobiotin  is  a  much  more  power¬ 
ful  displacing  agent  for  oxybiotin  or  desthiobiotin  than  it  is  for  biotin. 
Another  complication  lies  in  the  ability  of  some  molecules  to  replace  biotin 
in  one  system  and  displace  it  in  another.  Desthiobiotin  is  a  growth  factor  for 
Saccharomyces  cerevisiae  and  an  antibiotin  for  Lactobacillus  casei. 

While  in  general  metabolite  antagonists  function  by  virtue  of  displace¬ 
ment  of  cofactors  or  substrates  from  reaction  sites,  there  are  instances  of 
incorporation  of  the  displacer  into  a  more  complex  unit  which  then  func¬ 
tions  as  the  inhibitor  of  an  enzymatic  system.  This  is  true  in  the  case  of 
5-amino-7-hydroxytriazolopyrimidine  which  is  apparently  incorporated  into 
a  nucleoside  or  nucleotide,  the  complex  subsequently  interfering  with  nu¬ 
cleic  acid  formation  and  function. 

A  consideration  of  the  steroid  hormones  and  their  interrelations  brings 
into  focus  the  impact  of  biological  antagonists  on  the  psychological  phase. 
The  antagonisms  between  steroid  hormones  constitute  one  of  the  few  known 
balancing  mechanisms  which  can  be  directly  correlated  with  psychiatric 
states.  Sexual  perversion  can  be  traced  to  a  failure  of  adequate  hormone 
balance.  It  is  probable  that  the  stability  of  the  human  mentality  finds  its 
foundation  in  the  interplay  of  mutually  antagonistic  molecules. 

Ion  antagonisms  have  received  comparatively  little  study  to  date  and  it 
is  probable  that  they  constitute  the  most  important  phase  of  the  entire 
subject.  Ion  antagonisms  are  on  record  between  inorganic  ions,  organic 
ions,  and  between  an  inorganic  and  an  organic  ion.  The  role  of  ions  in 
biological  systems  parallels  that  seen  in  chelation  mechanisms.  The  forma¬ 
tion  of  complexes  will  involve  competition  between  the  ions  and  between 
different  molecular  units  capable  of  forming  such  complexes.  If  one  con¬ 
siders  the  amino  acid  chain  as  the  potential  chelator,  it  is  not  difficult  to 
conceive  of  a  possible  twisting  and  folding  of  the  chain  as  it  chelates  wi 
various  ions.  The  result  might  well  be  the  creation  of  an  enzymatic  unit  In 
other  words,  the  effect  of  ions  on  protein  structures  and  the  immediate 
antagonisms  assoc, a, ed  therewith  form  the  dynamic  functional .  sy*em 
around  which  the  complex  concatenation  of  living  :  »  bmi h  Many 

secondary  organic  molecules  are  present  to  control,  to  modify,  and  to  ma 
taintalance  of  these  ionic  forces  as  they  mold  the  charactenst.es  of  hfe. 

The  Theory  of  Biological  Relativity 

The  study  of  biological  antagonism  leads  to  the  conclusion  that  there 
are  n^  —  in  biological  systems  which  might  distmguish - 
physical  systems.  The  element  of  time  »  .  bsoto e  m  bmh  tmt i  t 
question  whether  sidereal  time  or  biological  t  me  is  ®  beyond 

any  event,  every  phase  of  biology  is  “  "  are  in¬ 

time.  Enzymatic  activity  possesses  only  rdative  spe  Y unctioning  as  a 
variably  several  structural  units  possessing  the  power 
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vitamin.  No  ion  has  been  demonstrated  to  possess  absolute  specificity. 
Every  phase  of  biological  systems  is  relative.  There  can  be  no  absolutes 
from  the  structural  standpoint.  The  theory  of  biological  relativity  states 
that  no  single  molecular  structure  possesses  a  function  not  shared  in  some 
degree  by  structurally  related  molecules.  The  evidence  supporting  this  con¬ 
tention  lies  in  the  hundreds  of  examples  of  biological  antagonists  presented 
in  this  volume  and  in  the  enormous  literature  on  biological  specificity.  In 
all  this,  there  is  no  single  example  of  absolute  specificity. 

Another  concept  evoked  by  study  of  biological  antagonism  is  that  bio¬ 
logical  order  is  actually  based  upon  disorder,  upon  antagonism.  As  with 
physical  laws  which  are  statistical,  so  biological  systems  represent  the  end 
results  of  chance.  The  orderly  characteristics  are  in  reality  due  to  biological 
antagonisms,  to  competing  molecular  units.  These  competitive  phenomena 
are  in  all  instances  based  upon  the  ordinary  short-range  forces  of  chemistry. 

There  are  two  great  classes  of  biological  antagonists:  the  synthetic  and 
the  natural.  Study  of  the  natural  antagonists  is  the  science  of  physiology  and 
biochemistry.  Study  of  the  synthetic  antagonists  is  the  study  of  pharmacol¬ 
ogy  and  chemotherapy.  The  old  distinctions  between  sciences  which  led  to 
the  classifications  of  biochemistry,  pharmacology,  etc.,  are  breaking  down 
and  in  their  place  new  sciences  such  as  that  of  biological  antagonism  are 
arising.  This  new  science  cuts  across  the  lines  of  biochemistry,  pharma¬ 
cology,  physiology,  chemotherapy,  immunology,  and  many  others.  It  is  a 
science  based  upon  a  functional  concept,  not  upon  lines  drawn  in  the 
cloudy  sphere  of  didactic  definition. 


Biological  antagonism  extends  from  the  simplest  units  to  the  most  com¬ 
plex,  from  inorganic  ions  to  virus  particles.  Further,  there  is  no  necessity 
whatever  to  consider  antagonism  as  a  phenomenon  occurring  between 
molecular  or  ionic  units  of  equal  spatial  dimensions.  We  see  competitive 
antagonism  between  the  hydrogen  ion  and  the  complex  acridine  antiseptics. 
Similarly,  noncompetitive  antagonism  whether  reversible  or  nonreversible 
can  and  does  occur  between  molecular  units  of  disproportionate  magnitude. 

n  the  broadest  sense  biological  antagonism  is  a  manifestation  of  com¬ 
petition  between  moieties  for  surface  positions  on  proteins.  The  concept  of 
evag  that  all  proteins  under  the  proper  conditions  are  capable  of  function¬ 
ing  as  enzymes  is  considered  as  the  basis  of  adaptive  enzyme  formation  The 
amino  acid  chain  and  the  permutations  thereof  based  upon  sequence  of 
amino  acid  units  in  the  chain  is  a  manifestation  of  natural  biological  antago- 
lsms  The  duplication  of  protein  units  long  regarded  as  a  miracle  of  bio 
logical  order  is  pictured  rather  as  the  statistical  result  of  the  natural  an 

fofmeTthe  rf"  md'y'dual  amino  acids-  °"«  the  amino  acid  chain  is 
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with  cofactor,  substrate,  ion,  etc.,  will  be  modeled  on  this  plan.  The  folding, 
twisting,  and  turning  of  the  amino  acid  chain  will  occur  not  alone  in  associa¬ 
tion  with  antigens  but  in  some  degree  will  result  from  various  inorganic  ion 
effects  and  will  be  a  function  of  the  antagonistic  action  of  molecular  units 
competing  for  positions  on  the  protein  surface.  The  protein  moiety  is  con¬ 
sidered  the  heart,  the  nucleus  of  biological  reactions;  it  may  function  as  the 
apoenzyme  for  many  specific  enzymatic  systems  depending  upon  the  en¬ 
vironment  in  which  it  finds  itself. 

Another  basic  feature  of  the  general  concept  of  biological  antagonism 
and  relativity  is  that  all  processes  of  life  are  fundamentally  enzymatic  in 
character;  the  enzyme  is  the  universal  living  element.  The  concept  of  anti¬ 
gens  as  enzymes  is  an  essential  part  of  the  greater  structure.  The  basic 
elements  of  renal  transport  mechanisms  are  similarly  enzymatic.  Further, 
wherever  the  enzyme  occurs  both  its  origin  and  its  kinetics  are  direct  func¬ 
tions  of  biological  antagonism. 

Schrodinger  (1947)  makes  the  assertion  that  the  processes  of  life  con¬ 
form  to  statistical  physical  laws.  He  assumes  that  the  size  of  the  individual 
related  to  atomic  magnitudes  is  adjusted  to  provide  enough  atoms  and 
molecules  to  give  statistical  significance  and  therefore  order  to  the  biological 
Structure.  He  emphasizes  the  necessity  for  numbers  in  order  to  protect  the 


organism  against  the  possibility  of  significant  functional  modifications  as¬ 
sociated  with  a  single  or  even  a  small  number  of  molecules.  A  logical  corol¬ 
lary  to  this  concept  is  that  the  simplest  organisms,  essentially  the  ones 
containing  the  smallest  number  of  molecular  units,  will  be  the  most  suscep¬ 
tible  to  mutation.  Complexity  within  limits  should  confer  the  attribute  of 
resistance  to  mutation.  Science  establishes  the  validity  of  this  point;  bacteria 
and  other  microorganisms  are  prone  to  mutate.  By  contrast,  mutations 

at  the  level  of  the  mammal  are  rare. 

To  Schrodinger,  the  obstacle  to  acceptance  of  statistical  physical  laws 
as  applicable  to  biological  systems  lay  in  the  ability  of  the  chromosome  to 
produce  a  series  of  complex,  orderly  events,  terminating  in  the  fully  formed 
organism.  He  invoked  a  concept  based  upon  the  production  of  orderliness 
in  two  ways,  one  through  chance  or  disorder  and  the  other  from  order 
The  second  was  a  principle  not  unknown  to  science,  in  that  ynamica 
and  statistical  laws  were  long  a  part  of  the  tools  of  the  physicist  Schro¬ 
dinger  uses  the  clock  as  an  example  of  order  from  order  and  builds  the 
analogy  that  life  is  related  to  the  statistical  laws  of  physics  “  th«  °P^° 
of  the  clock  is  related  to  these  same  laws.  Schrodinger  lacked  the  fact  ^ of 
biological  antagonism  to  integrate  his  proposals.  It  would  ^n  that  al  s,, 
cal  laws  govern  the  formation  of  relatively  complex  molecular  units  an 
that  the  very  complexity  of  these  units  confers  orderliness  based  upon  an- 

tagonisms  which  are  governed  purely  by  the  laws  o  <-  ;'r\cc  accurate 

Assuming  the  concept  of  Spiegelman  and  Kamen  (1946)  to  be  accurate 
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it  follows  that  structural  antagonism  is  the  basis  of  the  template  gene 
induction  of  plasmagene  formation  and  the  subsequent  enzyme  production. 
The  chromosome  and  the  constituent  gene  are  both  manifestations  of 
“template”  reactions  and  should  not  be  distinguished  from  the  antigen  or 
enzyme  with  which  we  have  dealt  in  detail  from  the  standpoint  of  antago¬ 
nism.  The  indicated  addition  to  the  Schrodinger  concept  is  the  elucidation 
of  the  “order  from  order”  aspect  in  that  this  is  the  chance  effect  of  biological 
antagonism,  of  order  based  upon  chance.  The  concept  is  therefore  ad¬ 
vanced  that  biological  systems  represent  no  more  than  the  application  of 
statistical  laws  to  a  system  in  which  biological  antagonisms  are  the  dominat¬ 
ing  factor.  The  original  “template”  formation  remains  in  the  realm  of 
metaphysical  speculation  but  from  that  point  on  physical  laws  of  chance 
as  modified  by  organic  complexity  have  governed  the  biological  world. 
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Abrine,  139 
Acetanilide 

enzymatic  action  on,  65 
metabolism,  67 
pharmacology,  65 
Acetate 

chloro-,  inhibition,  1 1 1 

of  carboxypeptidase,  1 1 1 
ergostanyl,  structure,  400 
fluoro-,  10,  11,  13,  17 
formation  from  pyruvate,  60 
iodo-,  10,  12 

inactivation  properties,  29 
methylenebis-(ethylbenzoyl-),  368,  369 
methylfluoro-,  1 1 
mono-,  glycerol,  1 1 
monofiuoro-,  10,  13 
Acetic  acid 

formation  from  arginine,  174 
guanido-,  340 

in  formation  of  creatine,  174 
phenyl-,  8 

phenyl-(p-amino-benzoylamino)-,  struc¬ 
ture,  191 

styryl-,  activity,  135 
structure,  139 
Acetophenone 

p-amino-,  antagonism  of  p-aminoben- 
zoic  acid  to,  79 

2-hydroxy-3,5-dichloro-,  365,  366 
2-hydroxy-a,a,3,5-tetrachloro-,  366 
Acetylase,  choline,  28 
Acetylation,  12 

Acetylcholine  ( see  also  Choline,  acetyl-) 
21 

Acetylurea,  15 

Achromotrichia,  copper  deficiency,  424 
Aconitic  acid 
cis-,  17 

trans-,  kidney  effect,  17 
Acridine(s) 

antibacterial  effects,  451 

cross  resistance,  463 

dyes,  inhibition  of  Pasteur  reaction,  441 
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1-hydroxy-,  chelation,  426 
relation  to  hydrogen  ions,  428 
Acriflavine,  inhibition  of  yeast  enzymes, 
441 

Acrylic  acid 
furyl-,  153 

indole-,  activity,  135,  136 

displacement  of  phenylalanine,  153 
displacement  of  tryptophan,  153 
indole  production  by,  135 
inhibitory  action,  on  bacteria,  135 
/3-(indole-(3) )-,  structure,  139 
/MnaphthyH  1 ) )-,  activity,  135 
/9-(2-quinolyl)-,  137 
/3-(4-quinolyl)-,  137 
thienyl-,  153 
Actin 

globular,  polymerization,  69 
heart,  69 

polymerization,  69 
Actomyosin,  muscle  reaction,  68 
Adaptation 

bacterial,  457,  464 
cellular,  457 

enzymatic,  456,  464,  467 
Adenine,  383 

antagonism  for  sulfonamides,  94 
counteraction  of  benzimidazole,  385 
flavine  dinucleotide,  inhibition  by  pro¬ 
flavine,  390 
growth  factor,  384 
structure,  386 

Adenocarcinoma,  mammary,  inhibition 
by  folic  acid  antagonists, 

277 

Adenosinetriphosphatase 
inhibition,  by  beryllium,  421 
by  posterior  pituitary,  68 

Adenosinetriphosphate,  10,  11,  16,69 
antagonism  with  sodium  tripolyphos¬ 
phate,  45 1 

effect  of  atabrine  on,  390 
formation,  384 
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Adenylic  acid 
chemistry,  383 
effect  of  atabrine  on,  390 
inhibition  by  proflavine,  390 
Adipic  acid,  DL-a-amino-,  165 
Adrenochrome,  37-38 

nervous  system  effects,  vitamin  influ¬ 
ence,  66 
structure,  39 

Adrenocorticotropic  hormone(s)  (see  also 
Hormones) 

in  diabetes  mellitus,  217 
in  nitrogen  metabolism,  216 
therapy  in  rheumatoid  arthritis,  216 
Adrenolytic  drug(s),  40-43 
Adrenoxine,  depressor  action,  38 
Agmatine,  structure,  45 
Alanide 

7-hydroxy-n-butyryl-p-,  activity,  234 
inhibition  of  pantothenate,  236 
structure,  235 
mandelyl-,  237 
salicyloyl-,  237 

inhibition  of  choline  acetylase,  237 
Alanine 

analogues,  226,  233 
p-,  analogues,  226 

/3-aminobutyric  acid  as  antagonist, 
233 

growth  effect,  inhibition  by  isoserine, 

233 

inhibition,  by  a-amino  acids,  234 
by  cysteine,  234 
by  methionine,  234 
by  phenyl-/3-alanine,  234 
methionine  toxicity  prevention.  127 
replacement  by  a-methyl-^-alanine, 

234 

structure,  233 

benzoyl-DL-phenyl-,  inhibition  of  chy- 
motrypsin,  1 1 1 
structure,  112 

carbobenzoxyglycyl-L-phenyl-,  inhibi¬ 
tion  by  L-phenylalanine,  1 1 1 
inhibition  of  chloroacetate,  1 1 1 
structure,  112 

carbobenzoxyglycyl-/3-2-thienyl-,  1 1, 

113 

/3-(coumaronyl-(3) )-,  activity,  134 
dihydroxyphenyl-,  37 

conversion  to  hydroxytyramine,  144 
effect  on  blood  pressure,  155 
inhibition  of  histidine  decarboxylase, 
180 

2,5-dihydroxyphenyl-,  structure,  143 
3,4-dihydroxyphenyl-,  structure,  143 
p-fluorophenyl-,  structure,  152 


Alanine — ( Continued ) 

3-fluoro-DL-phenyl-,  inhibition,  ratios, 
149 

toxicity,  149 

/3-2-furyl-,  action  on  Escherichia  coli, 

148 

antagonism  to  phenylalanine,  194 
reversal  by  amino  acids,  148 
structure,  152 

/3-6-methoxyquinolyl-4-,  inhibition  of 
hemolytic  streptococci  growth, 

149 

a-methyl-/3-,  replacement  of  /3-alanine, 
234 

structure,  233 
naphthyl-,  134 

oxidation  by  kidney,  blockage,  60 
phenyl-,  dl-,  activation  of  penicillinase, 
145 

analogues,  chemotherapy  and  phar¬ 
macology,  155 
enzymatic  aspects,  153 
metabolite,  152 
table,  147,  150,  151 
ring  modification,  146 
ring  substitution,  149 
side  chain,  151 

antagonism  of,  Chloromycetin,  153 
/3-2-furylalanine,  194 
/3-2-thienylalanine,  194 
deamination  by  L-amino  oxidase,  145 
displacement  by,  furylacrylic  acid, 
153 

indoleacrylic  acid,  153 
thienylacrylic  acid,  153 
epinephrine  formation  from,  142 
fluorinated  derivatives,  toxicity,  149 
formation  of  tyrosine,  142 
D-,  growth,  function  in,  148 
halogenated  derivatives,  149 
L-,  inhibition  of  carbobenzoxyglycyl- 
L-phenylalanine,  hydrolysis, 
111 

metabolism,  37,  142 
oxidation,  inhibition  by  /3-2-thienylal- 
anine,  154 
to  tyrosine,  154 
structure,  142,  143 
/3-4-piperidyl-,  structure,  180 
p-2-pyridyl-,  149 
/3-3-pyridyl-,  149 

p-4-pyridyl-,  inhibition  of  hemolytic 
streptococci  growth,  149 
tf-2-thianaphthenyl-,  activity,  134 
fl-3-thianaphthenyl-,  see  /3-(2-benzo- 

thienyl)-a-aminopropionic 

acid,  134 
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thienyl,  effect  on  bacterial  respiration, 
146 

/3-2-thienyl-,  antagonism  to  phenylalan¬ 
ine,  194 

antagonistic  powers,  44 
inhibition  of,  phenylalanylglycine, 
148 

tyrosine,  148 
growth,  rat,  148 
phenylalanine  oxidation,  154 
tyrosinase,  37 

tubercle  bacillus,  effect  on,  147 
structure,  180 
toxicity,  149 
/3-3-thienyl-,  148 
activity,  148 

inhibition  of  weight  gain,  153 
structure,  152 
toxicity,  148 
Albinism,  etiology,  142 
Alcaptonuria,  142-144 
Alcohol 
aliphatic,  13 

amino-,  antagonistic  powers,  64 
oxidation,  kidney,  67 
Aldehyde  mutase,  activity,  10 
Alginic  acid,  inhibition  of  virus,  200 
Aliphatic  acid(s),  imidazolidone,  324 
Alizarin,  362 

Alkylamine(s),  phenyl-,  inhibition  of 
amine  oxidase,  34 

Allantoin,  counteraction  of  sulfonamide 
inhibitors,  80 
Allicin.  structure,  444 
Alloxan 

effects  on  islets  of  Langerhans,  395 
in  diabetes  mellitus  production,  9,  394 
395 

Ameba(s),  antagonism  of  ions  to,  416 
Amidine(s) 
di-,  alkylene,  35 
cross  resistance,  463 
inhibition  by,  nucleic  acid,  390 
purines,  390 

in  myeloma  therapy,  390 
inhibitory  powers,  34 
Amine 

aromatic,  displacement  powers,  47 
oxidase,  32-37 

inhibition,  pharmacology,  34 
inhibitors,  32-36 
pressor,  formation,  155 
thymoxyethyldiethyl-,  inhibition  of  his¬ 
tamine,  52 
structure,  48 

Amine(s),  7-glutamyl-,  165 
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Amino  acid(s)  {see  also  name  of  specific 
compound) 

affinity  for  heavy  metal  ions,  426 
a-,  inhibition  of  /3-alanine,  234 
1-,  oxidase,  deamination,  of  phenylalan¬ 
ine,  145 

of  tyrosine,  145 
analogues,  104-118 

metabolite,  activity,  474 
table,  177,  178 
nitrogen  substituted,  114 
antagonisms 

effect  on,  mineral  balance,  108 
vitamin  balance,  108 
miscellaneous,  113 
optical  antipodes,  108 
aromatic 

benzoylated,  inhibition  of  chymo- 
trypsin,  1 1 1 

blood  pressure,  effect  on  cat,  38 
metabolism,  effect  of,  cystine,  1 19 
methionine,  1 19 

ascorbic  acid,  in  metabolism  of,  144 
counteraction  of  phenylpantothenone, 
236 

deamination,  145 
detoxication  reactions,  161 
group  functions,  104 
hydroxy-,  protein  structure  effect,  184 
inhibition  of,  arginase,  176 
histaminase,  47 
sulfonamides,  92,  99 
intake,  imbalance,  105 
metabolism,  86,  88,  115 
mutual  antagonisms,  105-107 
table,  106 

natural  antagonisms  and  assays,  115 
reoccurrence  in  polypeptide  chain,  185 
side  chains,  as  substrate  of  chymotryp- 
sin,  1 1 1 

synthesis  of  antibodies  from,  186 
tyrocidine,  effect  in,  108 
unnatural  forms,  inhibitory  powers,  1 12 
vinylene,  antibacterial  action,  114 
a-Aminoadipic  acid,  structure,  167 
Aminobenzoic  acid,  38,  78 
nonsulfonamide  antagonisms,  79 
Aminoheptane,  32 
Aminopterin 
choline  oxidase  and,  346 
inhibition,  of  choline  oxidase,  260 
of  pteroic  acid  growth  activity,  256 
of  pteroyltriglutamic  acid  growth  ac¬ 
tivity,  256 

thymidine  effect  on  inhibitory  powers 
261 

toxicity,  270 


484 


Index 


Aminopterin — ( Continued ) 
toxicity — ( Continued ) 
reversal,  256 

therapy  in  leukemia,  277 ,  279 
Aminosulfonic  acid(s),  113 
Ammonium 

salts,  polymethylene  bisquaternary,  31 
tetraethyl-  (TEA),  29,  30 
activity,  30 
antagonistic  action,  30 
bromide,  structure,  26 
trimethyl-,  chloride,  341 
Ammonium  bromide,  decamethylene-bis- 
(trimethyl-)antagonism  with 
d-tubocurarine,  66 
Amphetamine,  structure,  32,  35 
Amylase 

activity,  decrease  by  fluorides,  428 
7-hexachlorocyclohexane,  351 
Anaphylactic  shock,  experimental  hapten 
units,  effect,  187 

Androgen (s),  inhibition  of  estrogens.  402 
Androstanediol,  inhibition  of  estrus  cycle, 
402 

Androsterone,  structure,  198 
Anemia 

folic  acid  in,  253,  254 
hypochromic,  microcytic,  therapy,  424 
macrocytic,  formylpteroylglutamic  acid 
in,  278 

methylfolic  acid  and,  278 
pernicious,  folic  acid  in,  278 
vitamin  Bi2  in,  278 

production,  a-amino-e-hydroxycaproic 
acid,  179 

rat,  prevention  by  methionine  sulfoxide, 
124 

swine,  2,6-diaminopurine  in,  389 
xanthopterin  therapy,  267,  268 
Anesthesia 

barbiturate,  thiamine  effect,  59 
benzimidazole,  388 
from  magnesium  salts,  423 
local,  biological  antagonism,  65 
narcotic  concentration  in  brain,  56 
Anesthetic(s) 

local,  activity,  64-65 
structure,  64 

Angelicalactone(s),  cardiac  activity  of,  447 
Anilic  acid 

p-aminosuccin-,  structure,  191 
phosph-,  194 
Anilide 

d-(2-(pantoylamino)-ethylsulfono)-4- 

nitro-,  antagonism  to  coen¬ 
zyme  A,  232-233 
structure,  235 


Aniline 

3,5-diiodo-4-(4'-hydroxyphenoxy)-, 
structure,  406 

dimethylaminoethylbenzyl-,  inhibitory 
powers  on,  47 

dyes  and  resistant  strains,  457 
Anion(s) 

effect  on  potassium  poisoning,  415 
inhibition  of  catalase  in  body,  422 
Anisaldehyde-dimethylacetal,  3,5-diiodo-, 
inhibition  of  thyroxine,  405 
Anserine,  in  muscle,  geese,  175 
Antagonism (s),  pharmacological,  66 
Antergan,  53 
Anthranilic  acid 
analogues,  137 
growth  effect,  86,  132 

4- methyl-,  action  on  Bacterium  typho- 

sum,  137 

5- methyl-,  action  on  Bacterium  typho- 

sum,  137 

methylated,  137-138 
Anthrarufin,  362 
Anthrax  ( see  Bacillus  anthracis ) 
Antibiotic(s) 

effect  on  cellular  proliferation,  240 
inhibition  by  d-catechin,  89 
vitamin  Bis  and,  352 
vitamin  K  antagonists,  365 
Antibodies 

development,  enzyme  effect,  212 
formation,  186,  202 
urease,  212 

molecules,  building,  187 
multivalence,  202 

production,  relation  to  protein,  186 
reactions,  203 

synthesis,  from  amino  acids,  186 
Anticholinesterase(s)  (see  Cholinester- 
ase(s),  anti-) 

Antigen 

antibody  reactions,  hapten  inhibitors, 
193 

systems,  467 
multivalence,  202 
reactions,  203 

use  of,  p-aminophenol-/3-galactoside, 

192 

p-aminophenol-/3-glucoside,  192 
monosaccharides,  192 
Antihistamine(s)  (see  also  Histamine,  an¬ 
tagonists),  47-55 
anesthetic  qualities,  68 
antispasmodic  power,  53 
bacteriostatic  effect,  55 
mechanism  of  action,  54 
pharmacology,  53-54 
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Antihistamine(s) — ( Continued ) 
properties,  68 
structure,  51 
synthetic,  53 
table,  50 

Antihormone(s)  ( see  also  Hormones) 
formation,  216 

Antimaiarial(s),  243-247,  297 

analogues,  pantothenic  acid,  table,  245 
2-hydroxy-l, 4-naphthoquinones,  364 
2-hydroxy-3-/3-decalylpropyl- 1 ,4-naph¬ 
thoquinone,  364 

Antimethionine(s),  metabolism  interfer¬ 
ence,  128 

Antimonic  acid,  p-aminophenyl-,  struc¬ 
ture,  194 

Antipneumococcal  serum,  type  II,  pre¬ 
cipitation  with  euxanthic  acid 
and  a  protein,  192 

Antipode(s),  optical,  antagonism,  table, 
108,  109 

Antispasmodic(s),  29 

atropine,  pharmacology,  67 
musculotropic,  29 
neurotropic,  29 
pharmacology,  29-31 

Antistine,  53 

Antrycide,  459 

Antimony,  aromatic  compounds  inducing 
resistant  strains,  457 

Araboflavin 

d-,  effect  on  growth,  296 
6.7-dimethyl-9-d-,  298 

Arcaine 

antagonism,  with  histamine,  44 
structure,  45 

Arginase 

inhibition,  by  amino  acids,  176 
by  ornithine,  176 

Arginine,  173-174 
analogues,  metabolite,  173,  176 
antagonism  for  penicillin,  179 
to  canavanine,  178 
bacterial  breakdown  products,  174 
bacterial  growth  effect  on,  174 
counteraction  to  sulfonamides,  179 
formation,  161 
histamine  and,  49,  52 
in  formation  of  guanidoacetic  acid,  174 
in  urea  formation,  173,  174 
inhibition,  by  a-amino-valeric  acid,  181 
by  1-canavanine,  177 
of  lysine,  179 

phospho-,  in  muscle  contraction,  174 
structure,  48,  173,  174 
synthesis,  in  vivo,  173 

inhibition  by  canavanine,  179 
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Aromatic  compound(s),  related  thyrox¬ 
ine,  189 

Arsanilic  acid,  structure,  194 
Arsenic 

aromatic  compounds  inducing  resistant 
strains,  457 

in  prevention  of  selenium  poisoning, 
425 

Arsenical(s),  chemotherapeutic  action, 
prevented  by  p-aminobenzoic 
acid,  79 

Arsine,  trimethyl-,  341 
Arsonate,  sodium  p-aminophenyl-,  struc¬ 
ture,  80 
Arsonic  acid 

3-chloro-4-amino-benzene-,  structure, 
190 

3-hydroxymethyl-4-aminophenyl-,  458 
Arterenol,  structure,  35 
Arthritis 

rheumatoid,  therapy,  adrenocortico¬ 
tropic  hormone,  216 
cortisone,  216,  403 
Ascaris  lumbricoides 
activity,  214 

inhibition  by  polypeptides,  214 
Ascorbic  acid 

amino  acids  and,  144 
antagonistic  powers,  44 
antagonists,  59-60,  376 
bishydroxycoumarin  and,  365 
blockage  of  activity,  16 
deficiency,  excretory  products,  144 
dehydro-,  376,  377 
gluco-,  376 

inhibitory  powers  on  barbiturate  block, 
60 

level,  barbiturate  influence  on,  59 
premature  infants,  use  with,  144 
structure,  57 
Asparagine,  169 
Aspartic  acid,  335 
analogues,  160-172 

metabolite,  table,  167,  168 
antagonism  of  cysteic  acid  for,  166 
of  meso-diaminosuccinic  acid  for, 
169 

to  glutamic  acid,  170 
formation,  162 

formation  from  carbohydrates,  161 
growth  effect,  162 
inhibition  of  aspartic  acid,  165 
inhibition  of  bacteria,  169 
keto  acid  formation,  161 
metabolism,  160 

d  1  -“ pa ra”-hy d roxy-,  displacement  of  as¬ 
partic  acid,  165,  168 
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Aspartic  acid — ( Continued ) 

pteroyl-,  inhibition  of  dopa  decarboxyl¬ 
ase,  259 

inhibitor,  pteroylglutamic  acid,  257 
structure,  257 
structure,  167 
synthesis,  biotin  in,  162 
Asthma,  55 
Atabrine 

adenosinetriphosphate  and,  390 
adenylic  acid  and,  390 
inhibition,  439-440 

of  thiamin  synthesis,  291 
structure,  438 
vitamin  B,2  and,  353 
Atoxyl 

diazotization  product  with  tyrosine, 

188 

inhibition  of  lipases,  63-64 
structure,  188 
Atropine,  29-30 
action,  24 
hydrolysis,  30 

inhibition  of  yeast  invertase,  64 
neutralization  of  histamine  action,  47 
pharmacology,  30,  67 
structure,  26 
Atropinesterase,  30 
Avidin,  322,  323,  336 

Bacillus  anthracis 

d-glutamic  acid  in,  161 
Bacteria 

biochemistry,  95-96 
classification,  folic  acid  nutrition  in, 
258-259 

folic  acid  requiring,  95-96 
Gram-negative,  inhibition  by  sulfona¬ 
mides,  95 

Gram-positive,  growth  inhibition,  95 
sulfonamide  susceptibility,  95 
growth,  effect  of  p-aminobenzoic  acid,  94 
tryptophan,  effect,  132 
inhibition  by  indoleacrylic  acid,  135 
nutrition,  trace  elements  in,  426 
Bacterial  adaptation,  457,  464 
Bacterial  resistance,  460 
a-aminosulfonic  acid  in,  463 
pyrithiamine,  463 
Bacteriophage 

vitamin  Bn  analogues  and,  308 
Barbiturate 
structure,  57 

Barbiturate(s)  (see  also  Barbituric  acid), 
56-61,  457 
antagonism,  58-59 
cholinesterase  inhibition,  60 


Barbiturate(s) — ( Continued ) 
effect,  on  brain  oxidation,  56,  58 
on  oxygen  uptake,  in  vitro,  56,  58 
inhibition,  of  cholinesterase,  60 
of  oxidation  mechanisms,  60 
inhibitory  powers,  brain  respiration, 

56 

metabolism,  in  liver,  60 
molecular  form,  metabolism,  60 
oxidation  blockage  by,  60 
pharmacological  antagonists,  61 
pharmacology,  56,  58,  60 
phosphorylation,  58 
poisoning,  analepsis  of  succinic  acid, 
59 

analeptics,  58 
vitamin  B  effect,  59 
vitamin  C,  and,  59 
Barbituric  acid, 

antagonism  to  uracil,  394 
displacement  of  uracil,  391 
structure,  393 

Basal  metabolism,  rate  control,  157 
Belladonna,  30 
Benadryl 
activity,  54 
structure,  51 

Benzene,  l,2-diamino-4, 5-dimethyl-,  354 
Benzenearsonate,  p-azo-,  ion  group,  an¬ 
tagonisms,  sera,  202,  203 
Benzil,  4,4'-diamino-,  antagonism  of  p- 
aminobenzoic  acid  to,  79 
Benzimidazole 
activity,  385 

antagonism,  of  uracil  for,  394 
to  purines,  385 
as  an  anesthetic,  388 
counteraction,  by  adenine,  385 
by  guanine,  385 

2.5- dimethyl-,  354 

5.6- dimethyl-,  352,  354 
diuretic  action,  388 

in  polyuria  production,  388 
inhibition  of  bacterial  growth,  385 
pharmacology,  388 

1- a-D-ribofuranosido-5, 6-dimethyl-, 

352,  354 
structure,  386 
Benzoate,  p-amino- 
activity,  230 
Benzodioxane 

derivatives,  41-42 

diethylaminomethyl-,  inhibition  of  his¬ 
tamine,  53 

2- diethylaminomethyl- 1 ,4-,  structure.  48 
piperidinomethyl-,  inhibition  of  hista¬ 
mine,  52 
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Benzodioxane — ( Continued ) 

piperidinomethyl-3-,  (933F),  pharma¬ 
cology,  41 
Benzoic  acid 
activity,  135 

amino-,  inhibition,  of  epinephrine  oxi¬ 
dation,  154 
of  tyrosinase,  37,  38 
o-amino-,  structure,  190 
p-amino-,  78-100 

acetylation,  in  pantothenic  acid  defi¬ 
cient  animals,  243 
antagonism,  for  p-aminoacetophe- 
none,  79 
for  arsenicals,  79 
for  4,4'-diaminobenzil,  79 
for  4,4'-diaminobenzoin,  79 
for  p,p'-diaminobenzophenone,  79 
for  germanin,  79 
for  neostibosan,  79 
for  sulfur  compounds,  79 
to  sulfonamides,  78-80,  129,  269 
antagonistic  powers,  90 
antagonists,  antibacterials,  structure, 
80 

2-chloro-4-amino-,  127 
concentrations,  growth  limiting,  91 
counteraction  of  methylfolic  acid,  94 
displacement,  230 
by  sulfonamides,  100 
effect,  85 

of  procaine  reaction,  64 
on  methionine  formation,  128 
fungistatic  activities,  88 
hydrogen  transfer  effect,  87 
in  sulfonamide  resistant  strains,  465 
influence  on  folic  acid  molecules  for¬ 
mation,  98 

inhibition,  by  methylfolic  acid.  255 
of  chemotherapeutic  agents,  spec¬ 
ificity,  79 
metabolism,  97 
methionine  relationship,  120 
microorganisms  requiring,  9 1 
moiety,  of  folic  acid,  258 
pharmacology,  38 
production,  87 
reversal  by  sulfonamides,  97 
specificity,  sulfanilimide  inhibited 
reactions,  87 
structure,  80 

synthesis  by  bacteria,  effect  of  sul¬ 
fonamides,  81 

p-benzylsulfonamido-,  structure,  447 
3,5-diiodo-,  benzyl  ether  of,  structure 
406 

p-(di-n-propylsulfamyl)-,  structure,  447 


Benzoin,  4,4'-diamino- 

antagonism  of  p-aminobenzoic  acid  to, 
79 

Benzophenone,  4,4'-diamino- 

antagonism  of  p-aminobenzoic  acid  to, 
79 

structure,  80 
Beryllium 

inhibition,  of  adenosinetriphosphatase, 
421 

of  alkaline  phosphatase,  421 
poisoning,  sensitivity  of  ions  to,  42  1 
Betaine,  342 

Biocatalyst(s),  activity,  186 
Bioflavonoid (s),  29,  44,  377 

inhibition  of  hyaluronidase,  100 
Biological  antagonism,  in  chemotherapy, 
general,  462,  472 
Biological  antagonist(s) 
natural,  473 
synthetic,  473 

Biological  relativity,  theory,  476-479 
Biological  table,  periodic,  412 
Bios  1,  347 
Biotin 

antagonists,  322 
anticarcinogen,  335 
avidin,  affinity,  336 
studies,  336 
chelation,  336 
chemotherapy  and,  335 
enzymes  and,  335 
furan  derivatives,  326 
imidazoline  ring  change.  331 
microorganisms  and,  323 
natural,  336 

pimelic  acid  analogues,  334 
ring  modification,  323 
side  chain  modification  type,  331 
tetrahydrothiophene  ring  change,  323 
cyclohexane  derivatives,  325 
deficiency  symptoms,  322 
desthio-,  323,  329 
growth,  activity,  476 
sulfone,  323 
enzymology,  323 
general,  322 
O-hetero-,  323 
homo-oxy-,  326,  335 
in  aspartic  acid  synthesis,  162 
nor-,  330 

oleic  acid  relationship,  322 
sulfone,  323,  336 
2,3,4,5-tetrahydro-,  330 
thiourea  analogue,  331 
thiozole  analogues,  331 
ureylenebenzene  derivative,  325 
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Blood 

folic  acid  antagonists  effect  on,  271 
hyaluronidase  inhibition  activity,  418 
pressure  (see  also  Hypertension),  dopa 
decarboxylase  activity,  in  vivo 
table,  156 

lowering,  dihydroxyphenylalanine  ef¬ 
fect.  155 

7-methylfolic  acid,  effect  of,  261,  262 
methylpteroic  acid,  effect  of.  262 
oxypteroic  acid,  effect  of,  262 
relation  of  dopa  decarboxylase  to, 
261 

tyramine  effect,  144 
Body,  structural  components,  413 
Borneol,  457 

dosage,  tissue  effect,  67 
Botulinus  toxin,  toxicity,  205 
Brain  (see  also  Nervous  system,  brain) 
dehydrogenases,  27 
Bromism,  therapy,  425 
Butanone-(3),  l-(p-hydroxyphenyl)-2- 
amino- 
action,  152 
structure,  152 

Butanone-3,  dl-l-phenyl-2-acetamino- 
inhibition  of  chymotrypsin.  111 
structure,  112 

Butyramide,  ( — )-a,  7-dihydroxy-/3,/3-di- 
methyl-N-(2-(phenylmercap- 
to-)-ethyl)-,  toxicity,  242 
Butyric  acid 

/3-amino-,  effect  on  /3-alanine  growth 
action,  233 
structure,  233 
phenyl-,  structure,  400 
7-(3,4-ureylenecyclohexyl)-,  326,  335, 
336 

C-10,  31 
Cadaverine 
formation,  47 
from  lysine,  175 
Caffeine,  24,  37 1 

antagonism  to  barbiturates,  61 
guanylic  acid,  388 
pharmacology,  52,  61 
structure,  57 
Calciferol,  structure,  197 
Calcium 

activity,  biological,  412 
antagonism  to  potassium,  421 
chelation,  by  sphingomyelin,  195 
ions,  activation  of  cholinesterase,  421 
Canaline,  structure,  180 
Canavanine 

antagonism  to  arginine,  178 


Canavanine — ( Continued ) 

inhibition  of  bacterial  growth,  179 
structure,  48,  180 
toxicity,  177 

Cancer  (see  also  Carcinoma) 

activity  of  4-aminopteroylglutamic  acid, 
276 

chemotherapy,  pteridines  in,  266 
xanthopterin  in,  268 
mammary,  inhibition,  hormones  in,  275 
therapy,  testosterone,  402 
prostate,  inhibition,  hormones  in,  275 
therapy  (see  also  Tumors) 
with  sex  hormones,  402 
Caproic  acid 

a-amino-e-hydroxy-,  in  anemia  produc¬ 
tion,  179 
structure,  180 
toxicity,  179 

e-amino-,  formation  from  lysine,  175 
e-(2,4-dichlorosulfanilido)-,  330,  334 
imidazolidone,  323,  336 
5-methyl-2-thiono-4-imidazolidine-, 

330 

e-sulfo-n-,  330,  334 
Carbamate 

phenylthio-,  inhibition  of  tyrosinase, 
428 

sodium  diethyldithio-,  inactivation  by 
copper  proteinate,  428 

Carbamide 

inhibition  of  tyrosinase,  154 
Carbinamine(s) 

antagonistic  powers,  34 
secondary,  structure,  35 

Carbobenzoxyglycyl-/3-2-thienylalanine,  1 
Carbohydrate(s) 

displacement  properties,  specificity,  192 
inhibition  of  agglutination,  200 
metabolism  (see  Metabolism,  carbohy¬ 
drate) 

treatment  of  fatty  livers,  123 
Carbon 

atoms,  of  purines,  origin,  384 
dioxide,  7 

monoxide,  inhibition  of  cell  respiration, 
435 

tetrachloride,  poisoning,  liver,  60 
Carbonic  anhydrase,  inhibition  by  sulfa¬ 
nilamide,  65 
Carboxamide 

4-amino-5-imidazole-,  93 
N-(2-pyridyl)-thiazole-5-,  315 
thiazole-5-,  315 
Carboxylase 

activity,  inhibition  by  sulfathiazole,  84 
systems,  growth  role,  84 


Carboxylic  acid 

cyclohexane-,  structure,  190 
quinoline-,  317 
thiophene-,  structure,  190 
trans- 1 ,2-cyclopentanedi-,  9 
Carboxypeptidase,  1 
inhibitors,  109,  111-113 
structure,  112,  113 
substrate,  requirements,  1 1 1 
Carcinoma 

prostatic,  stilbestrol  in,  402 
therapy,  teropterin  in,  277 
Cardiac  activity,  of  angelicalactones,  447 
Cardiology,  nicotinic  acid  antagonists, 
320 

Carnosine 

in  muscle,  175 
inhibition  of  histamine,  49 
structure,  48 
/3-Carotene,  375 

xanthophyll  and,  375 
Casein 

hydrolysis  and,  212 

tryptic  digest,  and  7-hydroxy-n-butyryl- 
/3-alanide,  236 

Catalase 
activity,  213 

inhibition,  in  body,  by  anions,  422 
Catechin,  377 

D-,  inhibition  of,  activity  of,  antibiotics, 
89 

sulfonamides,  89,  99 
histidine  decarboxylase,  44 
red,  377 
Catechol 

3-n-pentadecadienyl-,  structure,  450 
3-n-pentadecyl-,  450 
Cationic  detergent(s),  antagonism  of 
phospholipids  to,  404 

Cell(s) 

growth,  metabolite  requirements,  471 
membrane,  water  solubility,  calcium 
ions,  418 
sodium  ions,  418 
permeability  to  ions,  414-415 
proliferation,  bone  marrow,  effect  of 
xanthopterin,  268 

respiration,  inhibition  by  carbon  mon¬ 
oxide,  435 

Cellular  adaptation,  457 
Cerebroside(s),  195 
CF  concentrate(s),  4-aminopteroylglu- 
tamic  acid,  reversal,  92 
CF  factor,  requirements,  effect  of  thymi¬ 
dine  on,  92 

Chastek  paralysis,  in  animals,  etiology 
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Chaulmoogric  acid,  antagonism  to  lepra 
bacilli,  448 

Chelating  agent(s),  antibacterial  activity, 
426 

Chelation,  8,  425-428 

compounds,  structure,  427 
mechanism  (see  Mechanism,  chelation) 
Chemotherapy 

agents,  activity,  200 
bacteria  growth  in,  471 
biological  antagonism  in,  472 
biotin  antagonists  and,  335 
nicotinic  acid  antagonists,  319 
virus,  use  of  tryptophan  analogues,  138 
Chloramid,  azo-,  counteraction  of  sul¬ 
fonamide  inhibitors,  80 
Chloramphenicol,  structure,  152 
Chloretone,  depressive  action  on  metabo¬ 
lism,  63 

Chloroacetylurea,  15 

Chloromycetin,  antagonism  to  phenylala¬ 
nine,  153 
Chlorothen,  53 
Cholesterol 

inhibition  of  hemagglutination.  199 
structure,  197 

Cholesteryl,  7-dehydro-,  bromide,  struc¬ 
ture,  400 

Cholic  acid,  structure,  198 
Choline,  339 
acetyl-,  23,  339 

action,  parasympathomimetic,  29 
antagonism  with  epinephrine,  66 
benzoyl-,  22 

biosynthesis,  prevention,  60 
formation,  22,  60 

inhibitory  activity  of  antihistamines, 
68 

metabolism,  24 
/3-methyl-,  22 

nervous  system  effects,  vitamin  in¬ 
fluence,  66 

parasympathetic  activity,  21 
pharmacological  effects,  30,  69 
structure,  64 
synthesis,  205 
acetylase,  28-29,  339 
activation,  ions,  421 
dialyzed,  activation,  28 
inhibition,  10,  28 
by  salicyloyl-/3-alanide,  237 
nitrogen  mustards  and,  346 
pantothenic  acid  and,  28 
acetylation,  243 
antagonists,  341 
arseno-,  342 

carbaminoyl-,  inhibitory  power,  25 
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Choline — ( Continued ) 
clinical  applications,  340 
deficiency,  acute,  340 

as  etiology  for,  fatty  liver,  120 
hemorrhagic  kidneys,  120 
diet,  low,  kidney  degeneration  preven¬ 
tion,  rats,  121 

effect  on  diamine  oxidase,  47 
hypertension  and,  340 
lipotropic  power,  118 
nervous  system  effects,  vitamin  influ¬ 
ence,  66 

oxidase,  aminopterin  and,  346 
enzyme  systems,  pteroylglutamic 
acid  function,  100 
inhibition  by,  aminopterin,  260 
folic  acid  inhibitors,  261 
nitrogen  mustards  and,  346 
oxidation,  transmethylation  and,  346 
structure,  45 
sulfo-,  342,  346 

lipotropism,  340,  346 
renal  hemorrhages  and,  340,  346 
transmethylation,  346 
synthesis,  from  methionine,  in  vivo, 
118 

triethyl-,  343 

growth  effect,  343 
pharmacology,  343 
toxicity,  343 
vitamin  Biu  and,  352 
Cholinesterase,  339 

activation  by,  calcium  ions,  421 
magnesium  ions,  421 
anti-,  27 
distribution,  22 

effect  on  acetylcholine  activity,  21 
inhibition  by,  barbiturates,  60 
potassium,  421 

inhibitors,  22,  23,  24,  25,  26,  27 
inhibitory  reactions,  27 
kinetics,  25 

nitrogen  mustards  and,  346 
nonspecific,  24 
Chromatin,  structure,  382 
Chrysazin,  362 
Chymotrypsin 

inhibition  by  amino  acids,  benzoylated 
aromatic,  1 1 1 

inhibitor  complex,  dissociation  constant, 
111 

inhibitors,  109 

benzoyl-DL-phenylalanine,  111 
dl-  1  -phenyl-2-acetaminobutanone-3 , 
111 

structure,  112,  113 
table,  110 


Chymotrypsin — ( Continued ) 
properties,  212 

substrate  requirements,  proton  dona¬ 
tion  capacity,  1 1 1 
substrates,  amino  acids,  111 
structural  requirements,  109 
Cinnamic  acid 
activity,  135 
p-dimethylamino-,  153 
p-hydroxy-,  153 
phenylalanine  and,  153 
Cirrhosis,  alcoholic,  choline  and,  341 
Citraconic  acid,  compounds,  inhibition  re¬ 
action,  192 

Citrate,  enzymatic  oxidation  of,  422 
Citric  acid,  cycle,  7 
activity,  28 

Citric  dehydrogenase(s),  blockage,  by 
morphine,  61 

Citrulline 

in  formation  of  arginine,  162 
structure,  174 
utilization  by  bacteria,  179 
Clavicin,  structure,  444 
Clostridium  welchii 

antitoxin,  administration,  197 
hyaluronidase  activity  of,  213 
inhibitors,  lecithinase,  activity,  195 
substrate  table,  196 
toxin,  in  lecithin  hydrolysis,  195 
Coagulation 
studies,  365 
Vitamin  K  and,  361 
Cobefrine,  synthesis,  40 
Cocaine 

depressive  action  on  metabolism,  63 
inhibition  of,  ester  formation,  40 
yeast  invertase,  64 
Cocarboxylase 

antagonism  for  thiamine,  59 
effect  on  morphine  action,  61 
inhibition  by  thiamine,  66 
Codeine 
activity,  61 

N-allyl-nor-,  antagonism  to  morphine, 
62 

structure,  62 

Coenzyme  A  ,  ,,n 

pantothenic  acid  displacers  and,  -30 
Coenzyme  I  {see  also  Diphosphopyridine 
nucleotide),  311,  319 
Coenzymes  I  and  II,  proflavine,  inhibition 
of,  390 

Copper  •  •  A1A 

effect  in  zinc  toxicity,  4^4 

inhibitory  powers,  9,  28 

in  respiratory  pigments,  412 
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Copper —  ( Continued ) 

proteinate,  inactivation  by  sodium  di- 
ethyldithiocarbamate,  428 
sulfate,  therapy,  molybdenum  toxicity, 
424 

Coproporphyrin,  regulation  of  anaerobic 
and  aerobic  metabolism,  437 

Coramine 

antagonism  to  barbiturates,  61 
pharmacology,  61 
structure,  57 
Corticosterone 

antihormone  production,  216 
desoxy-,  effect  on  scurvy,  403 
Cortisone 

inhibition  of  scurvy  symptoms,  403 
therapy,  of  rheumatoid  arthritis,  216, 
403 

Coumarin 

bishydroxy-,  365 

ascorbic  acid  and,  365 
counteraction  by  methylated  xan¬ 
thines,  371 

reversal  by,  2-methyl- 1 ,4-naphtho¬ 
quinone,  370 
vitamin  Ki  oxide,  370 
bis-4-hydroxy,  methylene  bridge  sub¬ 
stituted,  367 
4-hydroxy-,  acetals,  368 
cyclic  acetal  of  3-(a-phenyl-/3-acetyl- 
ethyl)-,  368,  369 
esters,  368 
ethers,  368 

3-[a-(p-methoxyphenyl)-/3-acety!ethyl]- 
4-hydroxy-,  367 

3-(a-methyl-/3-acetyIethyl )  -4-hydroxy- 
366 

3,3'-methylene  bis  (4-hydroxy-  1-thio-), 
369 

3-substituted-4-hydroxy-,  366,  368 
^  3,3'-thiobis-(4-hydroxy-),  367 
Cozymase,  effect  on  sulfonamides,  bac¬ 
teriostatic  action,  85 

Creatine 

formation  from  guanidoacetic  acid,  174 
phospho-,  10,  11 

acetylcholine,  reaction  between, 
blockage  by  procaine,  65 
in  muscle  contraction,  174 
Cross  resistance,  463 
Crystal  violet,  inhibition  by  glutamines, 
166 

Crystal (s),  mixed,  formers,  194 
Cupferron,  fungistatic  properties  425 
Curare,  29,  31 

antagonism,  to  diamine  oxidase,  44 
Curarine,  31 


Cyanide,  28 

Cyanide(s),  inhibition  of  oxidases,  63 
Cyclohexane 

hexachloro-,  isomers,  pharmacology, 
351 

7-hexachloro-,  349,  350 
amylase  and,  351 
mitotic  poison,  350 
Cystathione,  structure,  119 
Cysteic  acid 

antagonism  for  aspartic  acid,  166 
effect  on  pantothenic  acid  synthesis,  232 
inhibition  of,  bacterial  growth,  169 
pantothenic  acid  formation,  168 
structure,  167 
Cysteine 
activity,  176 

antagonism  to  hexenolactone,  240 
formation,  161 
inhibition  of  /3-alanine,  234 
structure,  119 
Cystine,  28 

conversion  to  methionine,  123 
deficiency,  as  etiology  for  liver  necrosis, 
120 

detoxication  of  tyrosine,  157 
effect  on  normal  metabolism  of  aro¬ 
matic  amino  acids,  1 19 
ethionine  growth,  inhibitory  effect,  122 
formation,  161 

reduction  of  methionine  requirements, 
118 

structure,  119 
toxicity,  105 
Cystinuria,  47 

Cytidylic  acid,  antagonistic  activity,  table, 
394 

Cytochrome  C,  6 
oxidase,  6 

Decamethonium 
bromide,  structure,  26 
salts,  3 1 

Decane,  1,10-bis-trimethylammonium-,  31 
Decarboxylase 
dopa,  144 
histidine,  43 

Dehydroacetate,  sodium,  1 1 
Dehydrogenase(s),  312,  319 
glucose,  morphine  blockage,  61 
inhibition  by  sulfonamides,  88 
lactic  acid,  6,  10 

inhibition  by  succinylsulfathiazole 
88 

morphine  blockage,  61 
succinic  acid,  6,  7 
sulfonamide,  inhibition  of,  88 
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Depressor  compound(s),  41 
Dermatitis,  contact,  biological  antagonists 
in,  450 

Desoxypyridoxin,  154 
Detoxication,  40,  456,  466 
Diabetes 
alloxan,  9 

mellitus,  ACTH,  in,  217 

production  by  alloxan,  394,  395 
xanthopterin  in,  395 
Diabetogenic  factor(s),  217 
Dialysis,  28 

Diamidine(s),  powers  on  amine  oxidase, 
34 


Diaminobenzil,  79 
Diamine  oxidase 

destruction  of  histamine,  44 
function,  47 

inhibitors  (see  also  Antihistamines;  Ar- 
caine;  Choline;  Ephedrine; 
Guanidine;  Spermine) 
structure,  45 
table,  46 
inhibition,  44 

in  reproduction  (see  Spermine) 

Diatrin,  53 
Dibenamine,  41 

adrenergic  blockage,  43 
inhibition  of  cholinesterase,  42 


structure,  39 

Dibutoline  sulfate,  structure,  26 
Dicarboxylic  acid,  trans- 1,2-cyclopen¬ 

tane-,  9 


Dichapetalum  cymosum,  10 
Diencephalon  (see  Nervous  system, 
brain) 

Diethylaminoethanol,  64 


structure,  39 
sympatholytic  effects,  43 

Digitonin,  hemolytic  action,  inhibition  by 
sterols,  199 

Diguanidine(s),  inhibition  of  amine  oxi¬ 
dase,  34 

Dihydroxyphenylalanine  (see  Alanine,  di- 
hydroxyphenyl-;  Dopa) 

3,4-Dihydroxy  phenyl  hydroxy  acetalde¬ 
hyde,  structure,  32 

Diisopropylfluorophosphate,  22,  23,  25 

Diisothiourea(s),  inhibition  of  amine  oxi- 
dcisc  34 

Dimethylcarbamate  of  (2-hydroxy-5- 
phenylbenzyl ) trimethy lam- 
monium  bromide,  24 

Dimethylcrocetin,  399 

Dimethylthetin,  342 

1  3-Diphosphoglyceric  aldehyde  dehy 
drogenase  activity,  10 


Diphosphopyridine  nucleotide  (see  also 
Coenzyme  I),  312 
Displacement  compound(s),  460 
Displacing  agent (s)  and  growth  factor(s), 
471 

Dissociation  constant,  chymotrypsin  in¬ 
hibitor,  1 1 1 

Dopa 

activation  of  yeast,  145 
decarboxylase,  31-37 
activity,  37,  144.  156 
in  fetal  tissues,  144 
in  intestines,  144 
in  liver,  144 

in  pressor  amine  formation,  155 
inhibition,  and  5-methyltryptophan, 
153 

by  folic  acid  inhibitors,  155,  259, 
261 

by  p-hydroxyphenylpyruvic  acid, 
152 

by  methyl  folic  acid,  259 
by  phenylalanine-tyrosine  ana¬ 
logues,  155 

by  pteroylaspartic  acid,  259 
by  thienylalanine,  146 
metabolism,  37 

relation  to  blood  pressure,  261 
kidney  tissue,  37 
oxidation,  from  tyrosine,  154 
to  melanin,  154 
Drug  fastness,  457 
Drug  related  resistance,  458 
Drug  resistance 

in  absence  of  exposure,  462 
spontaneous  development  of,  459,  460 
stability  of,  459 
Drug  tolerance,  67,  456,  457 
Drug(s),  activity  from  enzymes,  65 
Dye(s) 

and  therapeutic  interference,  440-441 
polyvalent,  capacity  to  inhibit  enzymes, 
441 

Encephalomyelitis  virus, 
activity,  208 

antagonism  with  influenza  virus,  208 
Venezuelan  equine,  growth,  208 
Endocrinology,  mammalian,  399 
Enol  phosphate,  10 
Enolase,  inhibition  by  fluorides.  4-8 
Environment,  in  enzyme  formation,  467- 
468 

Enzymatic  activity 

effect  on  sulfonamides,  85 
tissue  requirements  and,  6 1-62 
Enzymatic  adaptation,  456,  465,  46/ 
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Enzyme(s),  1,  20-43 
activity,  2-5 
on  drugs,  65 
stimulation,  62 
veterinary  medicine,  10,  13 
adaptation,  67 
biotin  antagonists  and,  335 
carbohydrate  metabolism,  14 
concentrations,  66 
displacement,  ovomucin  in,  200 
effect  on,  antibody  development,  212 
drug  activity,  65 
formation,  adaptive,  12 
inhibition,  kinetics,  1,  2,  5-6 
by  immune  bodies,  21 1 
inhibitors,  naturally  occurring,  214-215 
nicotinic  acid  antagonists,  319 
nitrogen  mustards  and,  346 
protein  inhibitors,  210 
proteolytic,  antipodal  specificity,  109 
inhibition,  109 

specificity  for  amino  acids,  113 
reaction  velocity,  2 
respiratory,  87 
inhibition,  86 

riboflavin  antagonists  and,  298 
selectivity,  2 
specific  action,  1 
substrate  complex,  4,  6 
vitamin  B„  antagonists  and,  307 
vitamin  K  and,  362 
Ephedrine 

antagonism,  to  diamine  oxidase,  44 
inhibitory  effect,  36,  37 
pharmacology,  154 
structure,  35,  45 

Epilepsy,  use  of  glutamic  acid,  162 
Epinephrine,  37 
activity,  67 
amine  oxidase,  35 
antagonism  with  acetylcholine,  66 
dilution  in  blood,  36 
formation,  from  phenylalanine,  142 
inactivation,  67 

inhibition  of  histidine  decarboxylase 
180 

isopropyl-,  41 

nervous  system  effects,  vitamin  influ¬ 
ence,  66 
oxidation,  37 

inhibition,  by  aromatic  amines,  154 
of  aminobenzoic  acids,  154 
pharmacology,  34,  35,  36 
structure,  32,  35,  39,  143 
sulfate  conjugation,  67 
sulfo-conjugate,  structure,  39 
Ergostanyl  acetate,  400 


Ergosterol,  structure,  197 
Ergot  alkaloid(s),  pharmacology,  42 
Ergotamine,  antagonism  for  epinephrine, 
42 

Ergothioneine,  175 
Erythrocyte(s) 

agglutination  by  Hemophilus  pertussis, 
199 

permeability,  to  potassium,  417 
to  sodium,  417 
Escherichia  coli 

action  of  mandelic  acid  on,  239 
activity,  of  dehydroisoandrosterone  on, 
403 

inhibition  by  pteridines,  263 
ammonium  requirement,  in  growth,  471 
effect,  of  /9-2-furylalanine,  148 
of  sulfathiazole,  95 
growth,  134 

ethionine  effect,  120 
inhibition,  114,  133,  134 
by  canavanine,  179 
by  phenylserine,  151 
by  tyrosine,  153 

methylated  tryptophans  effect,  134 
requirement,  94 

hydrogen  transfer,  agent  for,  87 
inhibition,  84 

by  2-amino-5-heptenoic  acid.  126 
metabolism,  132 
norleucine  toxicity  for,  127 
oxygen  consumption,  allylglycine  effect 
126 

phage,  polysaccharide  effect,  201 
resistance,  134 

sulfonamide  action  on,  methionine 
effect,  127 

synthesis  of  nicotinamide,  134 
tryptophan  activity  on,  133 
Eserine  (see  Physostigmine) 

Esterase(s) 
lipases,  13 
liver,  13 

activity  on  acetylcholine,  21 
pancreatic,  13 
Ester(s),  phosphate,  16,  25 
activity,  25 
Estradiol 
®-»  structure,  401 
inhibition,  by  androgens,  402 
of  testosterone,  402 
Estrogen  (s) 

antagomsm  of  progesterone  to,  401 
inhibition,  by  androgens,  402 
of  testosterone,  401 

responses,  effect  of  folic  acid  antago¬ 
nists,  275 
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Estrus  cycle 

inhibition,  by  androstanediol,  402 
by  testosterone,  402 
Ethanedisulfonic  acid.  1,2,  8 
Ethanol,  1 1 

amino-,  antagonists,  346 
dehydrogenase  and  morphine,  61 
diethylamino-,  effect  on  procaine  re¬ 
action,  64 

dimethylamino-,  346 
monomethylamino-,  346 
Ethanolamine,  342 

a-phosphatidyl-,  structure,  196 
Ethionine,  120,  346 

differential  inhibitor  requirements,  123 
effect,  on  Escherichia  coli  growth,  120 
on  Staphylococcus  aureus  growth, 
120 

elimination,  by  kidney,  122 
growth  inhibition,  effect,  122 
inhibition,  of  conversion  of  methionine 
to  cystine,  123 
of  sulfonamide,  129 
of  transmethylation  reactions,  123 
lipotropic  activity,  122 
metabolic  interference,  123 
structure,  121 

sulfonamides,  bacteriostatics,  121 
sulfoxides,  164,  165 
toxicity,  124 

in  mammalian  metabolism,  121 
Ethylamine(s) 

/3-chloro-,  42 

DL-N-(7-glutamyl)-,  structure,  167 
phenoxy-,  pharmacology,  42 
/3-phenyl-,  pharmacology,  52 
Ethylene,  triphenyl-,  inhibition  by  an¬ 
drogens,  402 

Ethylenediamine,  N,N-diethyl-N'-phenyl- 
N'-ethyl-,  inhibition  of  hista¬ 
mine,  52 

Ethylenimonium,  antagonism  for  sulfo- 
nium  cations,  65 

Euxanthic  acid  and  antipneumococcal 
serum,  192 

Exoerythrocytic  parasite  immunity,  to 
pantothenic  acid,  246 

Fastness,  drug,  457 
Fatty  acid(s),  448 

Flavin,  galacto-,  in  production  of  ribo¬ 
flavin  deficiency,  296 

Flavonoid  compound(s)  (see  also  Bio¬ 
flavonoids;  Catechin,  d- ) 
inhibitory  action,  on  histidine  decar¬ 
boxylase,  44 
inhibitory  powers,  29 
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Flavonoid  compound (s) — ( Continued ) 
modification  with  quinone  formation, 
446 

reaction  with  sulfhydryl  groups,  44 
Flavoprotein(s),  145 
Fluoride 

in  amylase  activity  decrease,  428 
inhibition  of  enolase,  428 
sodium,  28,  466 
Fluoroacetate,  10 
methyl-,  1 1 
Fluorobutyrate,  12 
Fluoroethanol,  12 

Folic  acid  (see  also  names  of  specific 
metabolite  analogues),  78- 
100 

activity,  161,  169 
activity  on  sex  hormones,  403 
affinity  for  heavy  metal  ions,  426 
analogues,  animal  studies,  269-272 
metabolite,  253-285 
pharmacology,  261-262 
tumor  chemotherapy,  272-277 
antagonism  with  sulfonamides,  89 
antagonists,  31,  43,  92,  93,  268,  269 
clinical  studies,  277 
effect  on  estrogen  responses,  275 
hemolytic  effect,  271 
inhibition  of,  hormone  effects,  275 
mammary  adenocarcinoma,  277 
melanoma,  277 
in  leukemia,  276 
in  tumor  control,  273 
pteridines,  262-268 
teropterin,  277 
use  in,  hypertension,  259 
plant  tumors,  277 
conversion,  97 
deficiencies,  93,  253 

etiology,  experimental  animals,  98 
symptoms,  270 

displacement  by  methylfolic  acid,  269- 
270 

displacers,  as  dopa  decarboxylase  in¬ 
hibitors,  260 

effect  on,  hypotensive  action  of  dis¬ 
placers,  261 

Lactobacillus  casei  growth,  268 
excretory  effects,  ascorbic  acid  defi¬ 
ciency,  144 
forms,  91-97 
growth  function,  100 
in  anemias,  253,  254 
in  pernicious  anemia,  278 
in  sprue,  254 

inhibitors,  choline  oxidase,  260 
dopa  decarboxylase,  261 
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Folic  acid — ( Continued ) 
macrocytic  anemia,  278 
methyl-, 
activity,  254 

of  folinic  acid  against,  255 
on  histidine  decarboxylase,  260 
counteraction  by,  p-aminobenzoic 
acid,  94 
pteroic  acid,  94 
pteroylglutamic  acid,  94 
sulfathiazole,  94,  255 
displacing  folic  acid,  269-270 
effect  on  blood  pressure,  262 
inhibition,  dopa  decarboxylase,  259 
sulfathiazole,  255 

interference  with  p-aminobenzoic 
acid,  255 

thymidine  effect  on  inhibitory  pow¬ 
ers,  261 
toxicity,  270 
multiple  forms,  91 

nutrition  in  bacterial  classification,  258- 
259 

relation  to  pyrimidine  antagonists,  268 
structure,  p-aminobenzoic  acid  moiety, 
258 

synthesis,  254 

antagonism  by,  pteridines,  259 
sulfonamides,  259 
by  psittacosis  virus,  96 
effect  of  sulfonamides  on,  93 
pteridines,  effect  of,  263 
sulfonamide  interference,  88 
vitamin  B12  and,  353 
Folinic  acid 
activity,  255 

against  methylfolic  acid,  255 
potency,  91 
Fructose.  15,  16 

inhibition  of  /3-h-fructosidase,  192 
Fructosidase,  /3-h-,  inhibition,  15,  16 
by  /3-glucose,  15,  192 
by  fructose,  15,  192 
Fumarate,  28 

analeptic  action  in  barbiturate  poison¬ 
ing,  59 

Fumaric  acid,  7 
activity,  135-136 

Fungistatic  agent (s),  Cupferron,  425 

Galactoflavin,  296 
Galactoside 

p-aminophenol-/3-,  structure,  193 
use  as  antigen,  192 
Galacturonic  acid,  structure,  193 
Gas  gangrene,  lecithinase  in,  195 
Gastrointestinal  tyramine  formation,  155 
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Germanin,  antagonism  of  p-aminobenzoic 
acid,  79 
Gifblaar,  10 
Globulin(s) 

antibody,  chemical  identity.  186 
normal,  chemical  identity,  186 
serum,  increase,  relation  to  antibodies, 
186 

Glucose,  16 

dehydrogenase,  blockage  by  morphine, 
61 

inhibition  by  sulfathiazole,  88 
in  drug  resistance,  466 
inhibition  of,  /3-h-fructosidase  by  /3-, 
192 

taka  saccharase,  192 
metabolism,  88 

blockage  by  sulfonamides,  86 
pantothenic  acid  and,  242 
Glucoside(s)  (see  also  Heart) 

p-aminophenol-/3-,  use  as  antigen,  192 
cardiac,  effect  on  actin  polymerization, 
69 

cardiac  action,  69 
Glucuronic  acid,  193 
Glucuronidase,  16,456 
activity  in  tissues,  67 
/3-,  blockage  by  saccharic  acid,  16 
Glucuronide 

formation,  sulfonamides,  67 
pharmacology,  67 
Glutamic  acid,  88 

amides,  alkyl  substituted,  165 
p-aminobenzoyl-1-,  89 
4-aminopteroyI-,  activity  against  can¬ 
cer,  276 

inhibition  of  Streptococcus  faecalis, 
table,  255 

modifications,  activity,  256 
structure,  257 
toxicity,  271 

CF  concentrates,  counteraction. 

92 

4-amino-N  1 0-methyl-pteroyl-,  inhibi¬ 
tion  of  sarcoma,  180,  276 
resistance  of  leukemia  to,  276 
analogues,  160-172 

metabolite,  table,  163,  164,  167 
Staphylococcus  aureus,  inhibition  165 
antagonisms,  164 
aspartic  acid,  170 
brain  glutaminase,  162 
glutamine,  170 
hydroxyglutamic  acid,  165 
kidney  glutaminase,  162 
methionine  sulfoxide,  164 
penicillin,  116,  171 
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Glutamic  acid — ( Continued ) 
antagonisms — ( Continued ) 
pimelic  acid,  a-amino-,  165 
sulfonamides,  88 
displacing  agents,  165 
effect  on  Staphylococcus  aureus  growth, 
165 

formation  from  carbohydrates,  161 
formylpteroyl-,  91 

macrocytic  anemia,  277 
D-,  source,  161 
L-,  28 

in  epilepsy  therapy,  162 
growth  effect,  162 

/3-hydroxy-,  displacement  of  glutamic 
acid,  165 
structure,  167 
keto  acid  formation,  161 
metabolism,  160 

methylpteroyl-,  antagonism  to  folic 
acid,  92,  254 

9-methylpteroyl-,  derivatives,  activity, 
256 

N10-methylpteroyl-,  structure.  257 
pteroyl  (see  Folic  acid) 
pteroyl-,  analogues,  metabolite,  p-ami- 
nobenzoic  acid  moiety  modi¬ 
fication,  258 
enzymes  and,  259 
formation,  475 

glutamic  acid  moiety  modifica¬ 
tion,  257 

pharmacology,  261 
pteridyl  ring  modification,  254 
pteridyl  ring  replacement,  254 
structure,  257 
table,  263-265 

antagonism  with  sulfonamides,  89, 
97 

choline  oxidase,  100 
counteraction  by  methylfolic  acid,  94 
displacers,  pharmacological  action. 
262 

growth  activity,  99,  253 
inhibitory  powers.  91 
molecules,  modifications,  258 
pteridines  and,  262 
pteroylaspartic  acid  and,  257 
sulfonamides,  interferences  of,  269 
synthesis,  89 

synthetic,  inhibition  of,  xanthine  oxi¬ 
dase,  260 

xanthopterin  oxidase,  260 
transmethylation  and,  346 
pteroyltri-,  growth  activity,  inhibition 
by  aminopterin,  256 
replacement  of  glutamine,  162 


Glutamic  acid — ( Continued ) 
sulfonamides,  effect,  88 
therapy,  in  mental  illness,  162 
Glutaminase 

brain,  inhibition  by  glutamic  acid,  162 
kidney,  inhibition  by  glutamic  acid,  162 
Glutamine 

crystal  violet  and,  166 
formation,  161 
formyl-,  structure,  176 
growth  stimulation,  162 
hydrolysis,  162 

inhibition,  by  methionine  sulfoxide,  166 
of  glutamic  acid,  170 
reaction,  inhibition  by  7-glutamylhy- 
drazine,  166 

replacement  by  glutamic  acid,  162 
structure,  161 
Glutaric  acid,  8 
ureido-,  15 

Glutathione,  161,  164,  169 
Glyceraldehyde,  14 
Glycerol  monoacetate,  1 1 
Glycine 

allyl-,  antibacterial  action,  114 

effect  on  bacterial  metabolism,  126 
structure,  121 

crotyl-,  antibacterial  action,  114 
formation,  161 

in  formation  of  guanidoacetic  acid,  174 
methallyl-,  antibacterial  action,  114 
phenylalanyl-,  inhibition  of  /3-2-thienyl- 
alanine,  148 
toxicity,  105 
Glycogen,  synthesis,  422 
Glycollic  acid,  phenyl-,  8 
Goitrogenic  activity,  pyrimidines,  395 
Goitrogenic  substance(s) 
sulfonamides,  395 
thiouracil,  395 

Gonadotropic  hormone  (s)  (see  Hor¬ 
mones) 

Gonadotropin,  chorionic,  145 
Gram-negative  organism(s)  (see  Bac¬ 
teria) 

Gram-positive  organism(s)  (see  Bacteria) 
Gramicidin,  108 

D-glutamic  acid  in,  161 
Growth 

pteridines,  effect  of,  265 
trypsin  inhibitor  and,  215 
Growth  factor(s)  and  displacing  agent(s). 
471 

Growth  hormone 

action,  nitrogen  metabolism,  216 
antagonism  to  adrenocorticotropic  hor¬ 
mone,  216-217 
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Growth  retardation,  soybean  effect,  214 
Guanase,  inhibition  by  quinimine,  65 
Guanazolo,  retardation  of  tumor  growth, 
389 

Guanidine 

derivatives,  inhibition  of  histamine,  49 
di-,  inhibitory,  44 
displacement  capacity,  44 
structure,  45 
Guanine 

antagonism  to  sulfonamides,  94 
counteraction  of  benzimidazole,  385 
Guanylic  acid  and  caffeine,  388 
Gulonic  acid,  2-keto-l-,  376,  377 

Hair  loss,  methionine  effect,  experimen¬ 
tal  animals,  120 

Hapten(s) 

equivalents,  structure,  194 
inhibition  of,  192 
by  thyroxine,  189 

inhibitors,  of  antibody  reaction,  188, 
190,  191,  193 

of  antigen  reaction,  188,  190,  191, 
193 

interference,  188,  189 
polyvalent,  structure,  204 
units,  effect  on  anaphylactic  shock, 
guinea  pigs,  187 

Hay  fever,  perennial,  modification,  47 
Heart  {see  also  Actin,  heart) 
muscle,  action  of  ions  on,  415 
Hemagglutination 

inhibition,  by  influenza  B  virus,  200 
by  mucoprotein,  200 
by  sterols,  199 
Hemagglutinin,  199 
Hematopoiesis,  xanthopterin  in,  267 
Hemin,  as  growth  factor,  436 
Hemoglobin 

defective  production,  methionine  defi¬ 
ciency,  120 

formation,  effect  of  pteridines  on,  265 
Hemolytic  disease  of  newborn,  treatment 
with  methionine,  120 
Hemophilus  influenzae,  infections,  chemo¬ 
therapy,  436 
Hemophilus  pertussis 

agglutination  of  erythrocytes,  197 
hemagglutinating  action,  197 
supernatants,  hemagglutinating  activity, 
inhibition,  197 

hemagglutination,  inhibition  by  cho¬ 
lesterol,  197 

Hepatitis 

chronic,  treatment  with  methionine, 


Hepatitis — ( Continued ) 

infectious,  treatment  with  methionine, 
120 

toxic,  treatment  with  methionine,  120 
Heptenoic  acid 

2-amino-5-,  inhibition  of  Escherichia 
coli,  126 
structure,  121 
Herpes  simplex  virus,  207 
Heteroauxin,  structure,  400 
Heterosexual  aggression,  effect  of  an¬ 
drogens  on,  402 
Hexachlorocyclohexane,  349 
Hexenolactone 

antagonism  with  cysteine,  240 
inhibition,  pantothenic  acid,  239 
Hexokinase,  transfer,  16 
Hexone  bases,  analogues,  metabolite, 
176-181 

Hippuric  acid,  p-amino-,  structure,  447 
Histaminase,  44-47 
inhibition,  44 
natural  inhibitors,  47 
substrates,  44 
Histamine 

antagonists,  arginine  compounds,  49, 
52 

carnosine,  49 

diethylaminomethylbenzodioxane,  53 
N,  N-diethyl-N'-phenyl-N'-ethyl  eth- 
ylenediamine,  52 
guanidine  derivatives,  49 
histidine,  49,  52 
imidazole,  52 
methylated  purines,  52 
natural,  47,  49 
pharmacological,  47,  49 
piperidinomethylbenzodioxane,  52 
polyamines,  49 
structure,  48-49,  51 
synthetic,  47 
table,  50 

thymoxyethyldiethylamine,  52 
effect  on  bacterial  growth,  175 
formation,  43,  47,  175 
nerve  block,  effect  on,  55 
pharmacology,  44,  47 
sensitivity,  vascular  system,  49 
structure,  45,  48,  176 
Histaminolytic(s) 
anesthetizing  properties,  55 
test  systems,  55 
Histidine,  43,  175-176 
analogues,  metabolite,  180-181 
breakdown  products,  175 
compounds,  inhibition  of  histamine  49 
decarboxylase,  43,  44 
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Histidine — ( Continued ) 
destruction,  prevention,  44 
folic  acid,  function  as,  91 
inhibition  of  histamine,  52 
metabolism,  in  animals,  175 
1  (3)-methyl-,  structure,  48 
monohydrochloride,  pharmacology,  49 
replacement  by,  DL-p-4-imidazole  lac¬ 
tic  acid,  175 

imidazole  pyruvic  acid,  175 
structure,  173 

Histidine  decarboxylase,  43 

action,  substrate  concentration,  44 
activity  of  methylfolic  acid  on,  260 
inhibition,  43 
by  D-catechin,  44 
by  dihydroxyphenylalanine,  180 
by  epinephrine,  180 
by  flavonoids,  44 
by  phenolic  compounds,  181 
Histone(s),  215 

Hodgkin’s  disease,  therapy,  teropterin  in, 
277 

Homobiotin,  325,  330,  331 
bis-,  325,  331 
tris-,  325,  33 1 
Homocholine,  342 
Homocysteine,  339 

benzyl-,  sulfoxide,  structure,  169 
methylation,  128 
structure,  119 

Homogentisic  acid,  structure,  143 
Homolysine,  structure,  180 
Homosexual  aggression,  effect  of  andro¬ 
gens  on,  402 
Hormone(s) 

adrenocorticotropic,  216 

antagonism  to  growth  hormones, 
216-217 

antagonism,  216 
anterior  pituitary,  216 
anti-,  215 

body  changes,  inhibition  by  folic  acid 
antagonists,  275 
gonadotropic,  antagonism,  216 
lactogenic,  145 
plant,  antagonisms,  399 
protein,  antagonists,  215-217 
antigen  activity,  215 
steroid,  antagonisms,  400,  403,  476 
androgens  and  estrogens,  401 

estrogens  and  progesterone,  400 

Hyaluronic  acid,  depolymerization,  influ¬ 
ence  of  sodium,  418 
Hyaluronidase 

activity,  of  Clostridium  welcnu, 
effect  of  salts  on,  418 
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Hyaluronidase — ( Continued ) 
inhibition  by  bioflavonoids,  100 
inhibitor  activity,  magnesium,  418 
Hydantoinate,  sodium  diphenyl-,  antago¬ 
nism  with  nikethamide,  66 

Hydrazine 
/3-aspartyl-,  169 

7-glutamyl-,  inhibition  of  glutamine  re¬ 
actions,  166 
structure,  167 

Hydrogen  ions,  relation  to  acridines,  428 
Hydroxylamine,  15 
N-(7-glutamyl)-,  166 
N-(  /3-aspartyl)-,  169 
Hyperglycemia,  38 
Hypertension 
choline  and,  340 
dopa  decarboxylase  in,  144 
folic  acid  antagonists,  use  of,  259 
neurogenic,  43 
prophylaxis,  43 
therapy,  43,  157 
tyrosine  in,  144,  155 

Hyperthyroidism,  therapy,  thiopyrimi- 
dines,  395 

Hypnotic(s),  pharmacology,  55-63 
Hypoprothrombinemia,  365 
indandiones,  372 
salicylic  acid  and,  365 
sulfoquinoxaline  and,  371 
vitamin  A  and,  371 

Hypotension,  pteroic  acid  analogues  in, 
261 

Imidazole 

inhibition  of  histamine,  52 
structure,  48 
Imidazoline 

2-(  1-naphthylmethyl)-,  HC1,  pressor 
action,  42 
pharmacology,  42 

2-phenylbenzylaminomethyl-,  inhibitory 
powers,  47 

Immune  bodies,  enzyme  inhibiting,  -11 
Immunology,  186 
Indandione(s),  372 
2-isovaleryl-l,3-,  372 
2-pivalyl- 1 ,3-,  372 
Indole 

analogues,  metabolite,  135  , 

formation,  inhibition  by  serine,  138 
inhibition  of  phage  adsorption,  206 
metabolism,  135 

production,  by  indoleacrylic  acid,  133 
products,  activity,  132 
tryptophan  synthesis,  obstruction  ol. 

137 
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Influenza 

A  virus,  growth,  208 
B  virus,  inhibition  of  hemagglutination, 
200 

virus,  199-202,  207 
adsorption,  199 

by  red  blood  cells,  209 
antagonism  with  encephalomyelitis 
virus,  208 

hemagglutination,  inhibition  by  apple 
pectin,  201 

inactivation,  by  ultraviolet  light, 

209 

interference  with  Newcastle  disease 
virus,  210 

Inhibition 
competitive  type,  5 
noncompetitive  type,  5 
Inhibition  index,  93 
Inhibitor  action,  kinetics,  4 
Inorganic  antagonist(s),  metabolite,  413 
Inositide,  diphospho-,  348 
Inositol,  44,  347 
antagonists,  349 

compound  with  tocopherol,  348 
growth  factor,  348 
isomers,  347 
lipotropism,  348 
meso-,  349 

muscular  dystrophy  and,  348 
phospholipids  and,  348 
Inosose,  350 
Insulin,  145 

release,  in  endocrine  system,  217 
sensitivity,  217 
Intestinal  synthesis 
vitamin  A  and,  371 
vitamin  K,  361,  371 
Iodine,  28 
Iodinin,  362,  363 
lodoacetate,  10 
Ion(s) 

acetylcholine  esterase  activation,  421 
action  on  heart  muscle,  415 
antagonism,  412-434 
enzymes,  421-423 
general,  476 

in  bacterial  nutrition,  419 
in  bacterial  systems,  419-421 
in  vitro  studies,  414,  419 
in  vivo  studies,  423-425 
nonbacterial,  414-419 
on  amebas,  416 
vitamin  Bu  and,  353 
beryllium  poisoning,  421 
divalent,  antagonistic  powers,  416,  417 
M,  in  enzyme,  structure,  427 


Ion(s) — ( Continued ) 

monovalent,  antagonistic  powers,  415, 
416,  417 

nervous  inhibition,  431 
permeability  of  cells,  414-415 
pharmacology,  429-43 1 
physicochemical  studies,  413 
related  to  potassium,  effects  on  bacteria, 
419 

Iron 

activity,  biological,  412 
porphyrins,  435-439 

Islet (s )  of  Langerhans,  effect  of  alloxan 
on,  395 

Isoalloxazine,  7,8-dimethyl- 1 0-(7-diethyl- 
aminopropyl)-,  298 
Isoandrosterone,  dehydro¬ 
acetate,  403 

Escherichia  coli,  activity  on,  403 
Lactobacillus  casei,  activity  on,  403 
Streptococcus  faecalis,  activity  on,  403 
Isocitric  dehydrogenase,  10 
Isoleucine 
D-isomer,  108 
structure,  107 
Isoriboflavin 

in  production  of  riboflavin  deficiency, 
295 

structure,  295 
Isoserine 

/3-alanine  antagonist,  233 
structure,  233 

Keto  acid,  formation,  161 
a-Ketoglutaric  acid,  7 
Kidney 

alcohol  oxidation.  67 
degeneration,  121 
ethionine  elimination,  122 
hemorrhagic,  340 

from  choline-cystine  deficiency,  120 
slices,  respiration,  17 
Kinetics  of  inhibitor  action,  4 
Kynurenic  acid 
structure,  132 
synthesis,  131-132 

Lactic  acid 

bacteria,  growth  of,  384 
dehydrogenase,  6,  10 
blockage,  by  morphine,  61 
DL-/3-4-irmdazole-,  replacement  of  his¬ 
tidine,  175 

Lactobacillus  arabinosus 
growth,  inhibition,  114,  134,  136 
by  phenylserine,  151 
promotion,  97 
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Lactobacillus  arabinosus — ( Continued ) 
growth — ( Continued ) 

retardation,  by  n-leucine,  108,  109 
by  D-valine,  108,  109 
metabolism,  86 

utilization  of  isoleucine,  D-isomer, 
108 

Lactobacillus  casei 

activity  of,  caproic  acid  compounds 
against,  247 

dehydroisoandrosterone  on,  403 
growth,  effect  of  folic  acid,  268 
metabolism,  86 

Lactose,  toxicity,  experimental,  16 
Law,  mass  action,  2 
Lecithin,  340 

conversion  to  lysolecithin,  195 
hydrolysis,  Clostridium  welchii  toxin 
in,  195 

inhibition  of  propamidine,  404 
structure,  196 
Lecithinase(s),  195-199 
A,  in  venoms,  195 
in  gas  gangrene,  195 
inhibition,  195 

Lepra  bacilli,  antagonism  of  chaulmoogric 
acid  for,  448 

Leucine 

activity  against  histamine,  49 
p-aminobenzoyl-glycyl-,  inhibition  of 
p-aminobenzoyl  -  leucyl  -  leu¬ 
cine,  190 

effect  on  valine  toxicity,  105 
growth  retardation  of,  Escherichia  coli, 
108,  109 

Lactobacillus  arabinosus,  108,  109 
methionine  relationship,  127 
structure,  107 
Leukemia 

aminopterin  therapy  in,  277,  279 
toxicity,  279 

control  by  folic  acid  antagonists,  276 
2,6-diaminopurine  in,  389 
folic  acid  antagonists  in,  279 
resistance  to  4-amino-N  10-methyl- 
pteroylglutamic  acid,  276 
teropterin,  therapy  in,  277 
Levansucrase,  16 
Lipase(s)  ( see  also  Esterase),  13 
inhibition  by,  atoxyl,  63 
quinine,  63 
specificity,  13 
Lipid,  antagonisms,  404 
Lipositol,  streptomycin  and,  351 
Lipotropism,  340 
sulfocholine,  346 
triethyl  choline,  343 


Liver 

barbiturates,  metabolism  in,  60 
cirrhosis,  treatment  with  methionine, 
120 

conversion  of  citrulline  to  arginine,  162 
damage,  treatment  with  methionine, 
120 

detoxication  of  barbiturates  in,  60 
extracts,  (hog)  activity,  91 
fat  accumulation,  prevention,  121 
fatty,  from  choline-cystine  deficiency, 
120 

prevention  by  methionine,  118 
treatment  by  carbohydrates,  123 
with  methionine,  120 
necrosis,  from  cystine  deficiency,  120 
preparations,  excretory  effects,  defi¬ 
ciency  ascorbic  acid,  144 
xanthine  oxidase,  inhibition  by  quini- 
mine,  65 

xanthopterin  oxidase,  inhibition  by 
pteroylglutamic  acid,  syn¬ 
thetic,  260 

Luciferin,  inhibition  by  antienzymes,  213 
Lymphogranuloma  venereum  virus  ( see 
Virus) 

Lysine,  174-175 

analogues,  metabolite 
genetics  and,  179 
arginine,  179 
deamination,  175 
decomposition,  bacterial,  175 
deficiency,  effects,  175 
effect  on,  bacterial  growth,  175 
oligospermia,  174 
in  protein  formation,  175 
inhibition  by  2-(4'-piperidyl)-l-amino- 
propionic  acid,  179 
structure,  173 

toxicity,  experimental  animals,  105 
Lysolecithin,  formation  from  lecithin, 

195 

Magnesium 

activity,  biological,  412 
antagonism  to  potassium,  421 
ions  and  acetylcholinesterase,  421 
salts,  as  anesthetics,  423 
Malaria 

activity  of  pantoyltauramide-4-chloro- 

benzene  on,  246 

avian,  phenylpantothenone  activity  on, 
243 

phenylpantothenone  activity  on,  244 
therapy  ( see  Antimalarials)  .  _ 

Maleic  acid,  compounds,  inhibition  reac¬ 
tion,  192 
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Malic  acid 
activity,  192 
structure,  191 
Malonate,  8 
blockage,  29 

sodium,  inhibitory  action,  28 
Malonic  acid,  7,  8,  10,  17 
alkyl,  7 

effect  on  barbiturate  activity,  58 
ethyl-,  8 

Mandelic  acid,  action  on  Escherichia  coli, 
239 


Manganese,  activity,  b'  logical,  412 
Mannose,  16 
inhibition,  16 

Mannuronic  acid,  structure,  193 
Mapharsen,  structure,  80 
Mechanism(s) 
chelation,  426 
of  drug  resistance,  464,  465 
Melanin 

deficiency,  albinism,  142 
formation  from  dopa,  154 

inhibition  by  hydroquinone,  154 
Melanoma,  Harding  Passey,  inhibition  by 
folic  acid  antagonists,  277 
Membrane(s) 

permeability  to,  potassium,  417 
sodium,  417 

Mental  illness,  glutamic  acid  therapy, 

162 

Menthol,  dosage,  tissue  effect,  67 
Mepacrine  hydrochloride,  structure,  45 
Mescaline,  pharmacology,  human,  63 
Metabolism 
acetate,  10,  12 

aerobic,  coproporphyrin  regulation  of 
437 


carbohydrate,  thiamine  in,  59 

cellular,  in  narcosis,  56-63 

glucose,  effect  on  sulfonamide  resist¬ 


ance,  86 

in  drug  resistance,  467 
mammalian,  ethionine  toxicity,  121 
narcotics,  effect,  62,  63 
Metabolite  analogue(s),  resistance,  462 
Metabolite  antagonist(s) 
natural,  115 
synthetic,  115 

Metabolite(s),  requirements  for  cel] 
growth,  471 

Metal 

chelated,  426 

heavy,  chemotherapeutic  agents,  sulf- 
hydryl  inactivation  of,  445 
Metalloprotein,  activation  421 
d-Metasynephrine,  pharmacology,  42 


Methionine 

action  sites,  128 
analogues,  118-130 
enzymatic  aspects,  128 
methylmercapto  change,  120 
antagonism  of  unsaturated  amino  acid 
analogues  of,  126 
as  analeptic,  126 

2-chloro-4-aminobenzoic  acid,  127 
choline  synthesis,  in  vivo,  1 18,  339 
clinical  use,  120 

conversion  to  cystine,  ethionine  inhibi¬ 
tion,  123 

counteraction  of  sulfonamides,  127 
deficiency,  dietary,  enzymatic  effects, 
120,  128 

diet,  low,  kidney  degeneration,  121 
displacers,  pharmacology,  126 
effect  on,  growth,  experimental  animals, 
120 

hair,  experimental  animals,  120 
normal  metabolism  of  aromatic 
amino  acids,  1 19 

growth  retardation,  experimental  ani¬ 
mals,  108 

inhibition  of,  /3-alanine,  234 
secondary,  of  sulfonamides,  83-84 
sulfonamides,  100,  129 
toxicity  to  agenized  zein,  124 
leucine  and,  127 

metabolic,  analogues,  structure,  121 
transformation,  chart,  119 
metabolism,  119-120 
metabolite  analogues,  table,  125 
methylating  function,  antagonists,  118 
119 

microbiological  assay,  120 
L-,  diastereoisomeric  sulfoxides,  biologi¬ 
cal  activities,  165 
DL-N-monomethyl-,  126 
neutralization  of  selenium  toxicity,  126 
norleucine  toxicity  prevention,  127 
optical  antipodes,  clinical  human  ef¬ 
fectiveness,  118 

experimental  animals  effectiveness 
118 

oxidation  products,  124 
prevention  of  fatty  liver,  118 
rat  anemia  prevention,  124 
relationship,  p-aminobenzoic  acid  P0 
requirements,  reduction  by  cystine  T 18 
structure,  118 
sulfonamides  and,  127 
sulfone,  toxicity,  124,  125 
sulfoxide,  162,  164,  165 
glutamine  deamidation,  166 
inhibitory  powers,  162 
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Methionine — ( Continued ) 
sulfoxide — ( Continued ) 
rat  anemia,  124 
structure,  121,  167 
synthesis,  prevention  by  sulfona¬ 
mides,  127 

selective  action,  127,  128 
toxicity,  124,  125 

experimental  animals,  105 
prevention,  by  /3-alanine,  127 
transmethylation,  118 
Methoxinine 

metabolite  analogue  in  bacterial  sys¬ 
tems,  124 
structure,  121 

Methylamine,  /3-phenyl-n-propyl-,  activ¬ 
ity,  35 

Methylation,  trans-,  118 
Methylene  blue,  9 

anaerobic  reduction,  58 
structure,  45 

Methylene  bridge  substituted  bis-4- 
hydroxycoumarins,  367 
Methylmercapto  radical,  modification, 
120-126 

Metrazol 

antagonism  to  barbiturates,  61 
convulsions,  methionine  effect,  126 
pharmacology,  61 
structure,  57 

Microbiological  assay(s),  effect  of  natural 
amino  acid  antagonisms,  115 
Microorganism(s) 

p-aminobenzoic  acid  requiring,  91 
trace  elements,  requirement,  425 
Milk 

coagulation,  rennin  in,  212 
xanthopterin  oxidase,  inhibition  by 
pteroylglutamic  acid,  syn¬ 
thetic,  260 

Mineral  balance,  effect  by  amino  acid 
antagonism,  108 
Molybdenum 

inhibition  of  tyrosinase,  154 
toxicity,  in  cattle,  424 
Monoamine(s),  aliphatic,  inhibitory  ac¬ 
tion  on,  47 

Monosaccharide(s),  use  as  antigens,  192 
Morphine  (see  also  specific  names  of  mor¬ 
phine  group),  61,  457 
action,  effect  of  cocarboxylase,  61 
N-allyl-nor-,  antagonism  to  morphine, 
62-63 
structure,  62 

brain  tissue  effect,  experimental  ani¬ 
mals,  62 

dehydrogenase  blockage,  61 


Morphine — (Continued) 
excretion,  63 
mechanism  of  action,  61 
pharmacology,  61-63 
respiratory  depressant  action,  antago¬ 
nism  by,  N-allyl-norcodeine, 
62 

N-allyl-normorphine,  62 
structure,  62 

succinic  dehydrogenase  and,  61 
Mucoprotein,  inhibition  of  hemagglutina¬ 
tion,  200 

Mumps  virus,  inhibition,  by  polysaccha¬ 
rides,  201,  206 
Muscarine,  26 
Muscle 

contraction,  phosphoarginine  in,  174 
fibers,  permeability  to,  potassium,  418 
sodium,  418 

Musculotropic  drug(s),  action,  29 
Mycobacterium  lacticola,  12 
Myeloma,  therapy,  diamidines  in,  390 
Mytilitol,  348 
n-acetyliso-,  350 

Naphthalene,  1 ,4-dihydroxy-2-methyl-, 
360 

a-Naphthoic  acid,  structure,  190 
Naphthol,  4-amino-2-methyl-l-,  360 
Naphthoquinone 

2- chloro-l,4-,  364 
2,3-dichloro-l,4-,  363,  364 

3- hydroxy-2-chloro-l,4-,  364 
2-methoxy-l,4-,  365 
2-substituted-3-hydroxy-l,4-,  364 

Narcosis 

causative  agents,  61 
definition,  61 
theories  of,  56 

Narcotic (s)  (see  also  names  of  specific 
narcotics) 

brain  metabolism  effect,  59 
pharmacology,  55-63 
Necrosis,  hepatic  treatment  with  methio¬ 
nine,  120 

Neo-antergan,  structure,  51 
Neoplastic  condition(s),  2,6-diamino- 
purine  in,  389 

Neopyrithiamine 

activity,  biological,  289 
in  polyneuritis  production,  289 
structure,  288 
Neostibosan 

antagonism  of  p-aminobenzoic  acid  to, 
79 

structure,  80 

Neostigmine  bromide,  23,  25 
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Nervous  system  ( see  also  Psychiatry) 
brain,  barbiturate  block,  effect  of  as¬ 
corbic  acid,  60 

carbohydrate,  ascorbic  acid,  60 
carbohydrate  metabolism  inhibition, 
59 

carbohydrate  oxidation,  60 
diencephalon,  barbituric  acid  con¬ 
centration  in  anesthesia,  56 
homogenates,  aerobic  phosphoryla¬ 
tion,  58 

inhibition  of  glycolysis,  by  sodium 
ions,  422 

metabolism,  depression  by  narcotics, 
56 

inhibited  by  pentobarbital,  60 
narcotic  concentration  in  anesthesia, 
56 

oxidation,  barbiturate  effect,  58 
respiration,  effects  of  barbiturates, 
56 

tissue,  oxygen  consumption,  effect  of 
morphine,  61 
central,  stimulants,  63 
drugs,  vitamin  effect,  66 
parasympathetic,  21,  28 
stimulants,  24 
sympathetic,  41 
biochemistry,  39 
chemicals  acting  upon,  35 
tissues,  oxygen  consumption,  morphine 
effect,  61 
Neurine,  342 
Neurospora,  461 

crassa,  effect  of  p-aminobenzoic  acid 
and  sulfonamides,  88 

Neurotropic 
blocking  agents,  30 
virus,  interferences  between,  208 
Newcastle  disease  virus,  interference  with 
influenza  virus,  210 
Nicotinamide,  311 
bis-,  315 

effect  of  sulfonamides,  bacteriostatic 
action,  85 

hydrogen  transfer  effects,  87 
sulfonamides  and,  85 
synthesis  by  Escherichia  coli,  1 34 
Nicotinamidine,  315 
Nicotine 

antagonism  with,  sodium  sulfathiazole, 
66 

thiamine,  66 
Nicotinic  acid,  3 1 1 
antagonists,  3 1 1 
animal  studies,  318 
chemotherapy,  319 


Nicotinic  acid — ( Continued ) 
antagonists — ( Continued ) 
enzymes  and,  319 
heart  and,  320 
microorganisms  and,  312 
pharmacology,  319 
ring  modification  type,  317 
substituent  modification  type,  312 
types  of  action,  314 
fluoro-,  317 

growth  enzyme  effect,  85 
respiratory  effects,  85 
sulfonamides  and,  317 
tryptophan  conversion  to,  138 
Nikethamide,  antagonism  with  sodium 
diphenylhydantoinate,  66 

Nitrogen 

balance,  negative,  effects,  131 
metabolism,  adrenocorticotropic  hor¬ 
mone  in,  216 

growth  hormone  action,  216 
mustards,  enzymes  and,  24,  346 
Norbiotin,  325,  330,  331 
Norepinephrine,  41 
Norleucine 
activity,  105 

toxicity,  prevention  by  methionine,  127 
Nucleic  acid 

5-amino-7-hydroxytriazolo  ( d )  pyrimi¬ 
dine  and.  396 

derivatives,  and  sulfonamides,  99 
secondary  sulfonamides  inhibitors 
92 

diamidines  and,  390 
metabolism,  chart,  383 
Nucleoprotein(s),  activity,  382 
Nucleotide(s) 
formation,  384 
mono-,  10 

Nutrition,  in  drug  resistant  strains,  462 
Oleic  acid,  322 

Oligophrenia  phenylpyruvic,  144 
Oligospermia,  effect  of  lysine  on,  174 
Ornithine 

activity  against  histamine,  49 
formation,  161 
inhibition  of  arginase,  176 
structure,  161,  174 
utilization  by  bacteria,  179 
Orsanine,  resistance  to,  458 
Osteodystrophies,  production,  423 
Ovariectomy,  hormone  effect  on  uterus 
403 

Ovomucin,  enzyme  displacement,  200 
Ovomucoid,  inhibition  of  trypsin  215 
Oxalacetate,  oxidation,  8 
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Oxidase(s),  inhibition  by  cyanides,  63 
Oxybiotin,  324,  329 
bis-homo-,  326 

Oxygen  consumption  by  Escherichia  coli, 
allylglycine  effect,  126 
Oxythiamine 

antineuritic  properties,  absence  of,  289 
chemistry,  290 

in  poliomyelitis  prophylaxis,  290 
structure,  288 

Pantamide(s),  231 
Panthydrazide,  231 

Pantoic  acid,  antagonism  to  salicylates, 
239 

Pantothenate 
activity,  230 

calcium,  effect  on  Plasmodium 
lophurae,  243 

displacement  by  pantoyltaurine,  224, 
236 

inactivation,  inhibition  by  pantoyl- 
taurine,  230 

inhibition  of  formation  by  y-hydroxy- 
n-butyryl-/3-alanide,  236 
metabolism,  inhibition,  229 
Pantothenic  acid,  462,  463,  467 
activity,  28,  241 
analogues,  metabolite,  225-252 
/3-alanine  moiety  modified,  226 
antibacterial  action,  240 
antimalarial  studies,  243 
coenzyme  A  and,  230 
pantoic  moiety  modification,  234 
sulfur-containing,  231 
antagonism  to  hydroxypantothenic 
acid,  234 

deficiency,  exoerythrocytic  parasite  im¬ 
munity  to,  246 
pantoyltaurine  in,  241 
production,  241-243 
deficient  animals,  p-aminobenzoic  acid 
acetylation  in,  243 
derivatives,  28 
displacement,  230 
coenzyme  A,  29 
displacers,  28 

activity,  242,  243 

on  trichomoniasis,  247 
pharmacology,  243 
structure,  235 

effect,  on  glucose  metabolism,  86 
on  Plasmodium  gallinaceum,  244 
formation,  inhibition  by  cysteic  acid, 
168 

hydroxy-,  acid,  inhibition  of  bacteria 
growth,  234 


Pantothenic  acid — ( Continued ) 

inhibition  of  sulfonamide  action,  242 
mediation  of  glucose  metabolism,  242 
metabolism,  225 

metabolite  for  Trichomonas  vaginalis, 
247 

a-methyl-,  inhibition  of  Lactobacillus 
casei,  growth,  231 
w-methyl-,  activity,  237 
formation,  237 
occurrence,  225 

synthesis,  cysteic  acid  effect,  232 
utilization,  effect  of  pantoyltaurine  de¬ 
rivatives  on,  242 
Pantothenone 

phenyl-,  activity  on,  avian  malaria,  243 
malaria,  244 

counteraction  by  amino  acids,  236 
inhibitory  powers,  28,  232 
Pantoylalkylamines,  231 
d-(2-(Pantoylamino)-ethyl-sulfono)-4- 
nitroanilide,  232 

Pantoyl-/3-aminobutyric  acid,  231 
Pantoyl-/3-aminoethylthiol,  231 
Pantoyltauramide,  226 
Pantoyltaurine,  28,  226,  462,  466 
Papain 

inhibition,  10 

of  casein  hydrolysis,  212 
inhibitory  effects,  212 
Parafuchsin 

activity  against  trypanocidal  action  of 
trypaflavine,  441 
structure,  442 

Parasympathetic  nervous  system,  21 
Parathyroidectomy,  canine,  diamines  in 
urine,  47 

Pasteur  reaction,  inhibition  by  acridine 
dyes,  441 
Pectin,  apple 

antagonism  by  erythrocytes,  201 
inhibition  of  influenza  virus  hemagglu¬ 
tination,  201 
Penicillamine,  346 
Penicillic  acid,  structure,  444 
Penicillin 

antagonism  by  arginine,  179 
-G,  structure,  447 
in  detoxication,  467 
inhibition  of  utilization  glutamic  acid, 
116,  171 

inhibitory  powers,  in  presence  of, 
amino  acids,  1 16 
peptide,  1 16 
resistance  to,  466 

Penicillinase,  activation  by  DL-phenyla  - 
anine,  145 
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Pentane,  diethylaminoamino-,  structure, 
438 

Pentobarbital  ( see  also  Barbiturates) 
inhibition  of,  brain  oxidative  metab¬ 
olism,  60 

phosphorylation  in  brain  homoge¬ 
nates,  58 

Pepsin 

activity,  144,  145 
antibody  formation,  211 
formation  from  pepsinogen,  214 
Pepsinogen,  transformation  to  pepsin,  214 
Peptidase(s),  optical  specificity,  109 
Peptide(s) 

glutamic  acid,  169 

hydrolyzability  of  unnatural  peptides, 
108 

inhibitors,  214 
structure,  184 
Permeability,  27 
Peroxidase,  activity,  435 
Pertussis  hemagglutinin,  inhibition  by 
sterols,  198 

7(T2)  Phage,  growth  effects,  208 
Phenazine 

2,4-diamino-7,8-dimethyl-10-ribityl-5, 
10-dihydro-,  295,  297 
dihydroxy-,  di-N-oxide,  362 
dinitro-,  in  riboflavin  deficiency  produc¬ 
tion,  297 

Phenolase 
activity,  37-40 

destruction  of  epinephrine,  38 
Phenolic  compound(s) 

inhibition  of  histidine  decarboxylase, 
181 

inhibitory  powers,  44 
Phenolic  group(s),  esterification,  38-40 
Phenol(s),  sensitization  to  epinephrine,  40 
Phenone,  acrylo-,  structure,  444 
Phenothiazine,  10-(2-dimethylaminoiso- 
propyl)-,  structure,  51 
Phenylalanine  {see  Alanine,  phenyl-) 
Phosphatase,  alkaline-,  inhibition  by 
beryllium,  421 
Phosphate(s) 
acetyl,  29 
alkyl,  25,  27 

esters  {see  Esters,  phosphate) 
glucose-,  dehydrogenase,  inhibition  by 
sulfonamides,  87 
hexaethyltetra-,  25 
pyridoxal,  302 

sodium  tripoly-,  antagonism  with 
adenosinetriphosphate,  451 
sulfone-,  25 
thio-,  25 


Phosphate(s) — ( Continued ) 
tri-o-cresyl,  373 

inhibitory  powers  of,  25 
Phospholipids,  340 

antagonism  to  cationic  detergents,  404 
inhibition  of  propamidine,  404 
Phosphophosphine(s),  25 
Phosphoric,  glycero-,  ester,  formation, 
lecithinase  B  in,  195 
Phosphorylase 
activity,  16 
a-glucosan,  16 
Phthiocol,  361,  363 
Physostigmine,  22-23,  25 

effect  on  procaine  toxicity,  68 
inhibitory  powers,  25,  27 
Phytin,  347 
Picolinic  acid,  315 
a-Picoline,  315 
Picrotoxin 

antagonism  to  barbiturates,  61 
nervous  system  effect,  63 
pharmacology,  61 
Pilocarpine,  22,  23 

inhibition  of  yeast  invertase,  64 
Pimelic  acid,  330 

a-amino-,  inability  to  displace  glutamic 
acid,  165 

analogues,  330,  334 
Pinitol,  348 

Piperazine,  diketo-,  structure,  184 
Pituitary 

anterior,  hormones,  399 
posterior,  hormones,  formation.  144 
inhibition  of  adenosinetriphospha- 
tase,  68 

Plasma  protein,  defective  production 
from  methionine  deficiency, 
120 

Plasmodium  gallinaceum 

growth,  pantoyltauramide  effect,  243 
pantothenic  acid  effect,  244 
Plasmodium  lophurae,  activity,  calcium 
pantothenate  effect,  243 
Poison  ivy  dermatitis,  therapy,  biological 
antagonists  in,  450 

Poisoning 

radio  element,  toxicity  control  by  zir¬ 
conium,  424 

selenium,  prevention  by  arsenic,  425 
Poliomyelitis 

prophylaxis,  oxythiamine  in,  290 
virus  effect  on  growth,  208 
Polyamine(s),  439-440 
Polyneuritis,  neopyrithiamine  in,  289 
Polypeptide  chain(s),  amino  acids,  recur¬ 
rence  in,  185 
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Polypeptide(s),  183 
antibiotics,  108 

inhibitor  of  A  scar  is  lumbricoides,  214 
Polyphosphate(s),  25 
Polysaccharide(s) 
action  on  virus,  200 
inhibition  of  mumps  virus,  201,  206 
ovarian  cyst,  inhibition  of  virus  hemag¬ 
glutination,  199 
virus  reactions,  206 

Polyuria,  production,  benzimidazole  in,  388 
Porphyrin(s),  435 

cellular,  synthesis,  132 
skeleton,  diagram,  437 
Potassium 

activity,  biological,  412 
antagonism  to,  calcium,  421 
magnesium,  421 
deficiency  symptoms,  425 
inhibition  of  acetylcholinesterase,  421 
poisoning,  effect  of  anions,  415 
salts,  toxicity,  reduction  by  sodium,  424 
Pregnancy,  toxemia 
diamines  in  urine,  47 
etiology,  47 
Priscol,  structure,  39 
Procaine 

blockage  of  acetylcholine,  phosphocrea- 
tine  reaction,  65 

breakdown  products,  effect,  experi¬ 
mental  animals,  64 

effect  of  physostigmine  on  toxicity,  68 
reaction,  effect  of,  p-aminobenzoic 
acid.  64 

diethylaminoethanol,  64 
sulfonamide  effect  on,  64 
Procainesterase,  inhibition,  27 
Proflavine 

in  sulfonamide  resistance,  464 
inhibition  of,  adenineflavine  dinucleo¬ 
tide,  390 

adenylic  acid,  390 
coenzymes  I  and  II,  390 
Progesterone,  400-401 

antagonism  to  estrogens,  401 
in  fibroid  tumor  induction,  400 
structure,  401 
Proline 

activity  against  histamine,  49 
formation,  161 
hydroxy-,  formation,  161 
in  formation  of  ornithine,  161 
structure,  161 
Propadrine 

pharmacology,  42 
structure,  39 


Propamidine 

as  riboflavin  antagonist,  297 
inhibition  by,  lecithin,  404 
phospholipids,  404 
structure,  438 

suppression  of  antibacterial  effect  by, 
spermidine,  439 
spermine,  439 

Propionic  acid 

a-amino-3-indole-,  tryptophan  structure, 
131 

/3-(2-benzothienyl)-a-amino-,  growth  ac¬ 
tivity,  134 

a-isopropyl-5-methyl-2-oxo-4-imidazoli- 
dine,  325 

7-methyl-a-indole-/3-amino-,  effect  on 
inhibitor  production  in  sul¬ 
fonamide-fast  streptococci,  80 
L-a-methylamino-/3-(3-indolyl)-,  struc¬ 
ture,  139 
phenyl-,  8 

/3-phenyl-,  structure.  112 
2-(4'-piperidyl)-l-amino-,  inhibition  of 
lysine,  179 
/3-sulfo-,  8 

/3-3-thianaphthenyl-alanine(/3-(2-benzo- 
thienyl)-a-amino-),  structure, 
139 

/3-trisubstituted-,  effect  on  tubercle  ba¬ 
cilli  growth,  448 

Propiophenone,  /3-amino-,  caproic  acid  de¬ 
rivatives,  activity  against  Lac¬ 
tobacillus  casei,  247 

Prostigmine 

activity,  22,  23-24 

homologues,  antagonism  with  tubocu- 
rarine,  66 

Protamine(s),  inhibition  of  proteolytic  en¬ 
zymes,  215 

Protease(s),  optical  specificity,  109 

Protein(s)  ( see  also  Peptides;  Polypep¬ 
tides),  183 

apoenzymatic  activity,  105 
azo-,  187 

basic  amino  acids  in,  173 
biological  importance,  104 
composition,  185,  186 
enzyme  inhibitors,  210-215 
fibrous,  184 

formation,  lysine  in,  175 

globular,  structural  characteristics,  185 

globulins,  186 

nalogen  introduction,  reaction,  187 
haptens,  189 

hormones  (see  Hormones,  protein) 
immunology,  186 
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Protein  ( s ) — ( Continued ) 
inhibition  by,  histones,  215 
protamines,  215 
nucleus,  composition,  183,  184 
specificity,  190 
structure,  183-186 
chart,  184 
synthesis,  153-154 

in  animal  organism,  115 
methyltryptophans,  in,  134,  137 
Proteus  morganii,  inhibition  by  pantoyl- 
taurine,  229 
Prothrombin,  361 

Protoplasm,  viscosity  increase,  417 
Psittacosis,  virus  (see  Virus) 

Psychiatry,  hormones  in,  409 
Pteridine(s) 

antagonism  to  folic  acid  synthesis,  259 
as  folic  acid  antagonists,  262-268 

2.4- diamino-,  activity,  266 

2.4- diamino-6,7-diphenyl-,  structure, 

257 

effect  on  hemoglobin  formation,  265 
in  cancer  chemotherapy,  266 
inhibition  of,  Escherichia  coli  activity, 
263 

Staphylococcus  aureus  activity,  263 
xanthine  oxidation,  267 
xanthopterin  oxidation,  267 
synthesis,  93 
Pterine(s),  toxicity,  267 
Pteroic  acid 

analogues,  hypotensive  action,  261 
conversion  to  pteroylglutamic  acid,  89 
counteraction,  of  methylfolic  acid,  94 
formyl-,  growth,  activity,  91 
growth  activity,  inhibition  by  aminop- 
terin,  256 

intermediary  between  p-aminobenzoic 
acid  and  folic  acid  synthesis, 
by  psittacosis  virus,  96 
methyl-,  effect  on  blood  pressure,  262 
oxy-,  effect  on  blood  pressure,  26^ 
Purine(s),  382 
adenine,  383 

analogues,  metabolite,  382-398 
table,  387 

antagonists,  268-269 
chemotherapy  and  pharmacology 
388 

enzymes  and,  388 
ring  change  type,  385 
substituent  modification  type,  386 
synergism  with  sulfonamides,  467 
biosynthesis,  384 
carbon  atoms  of,  origin,  384 


Purine  (s) — (Continued) 

2,6-diamino-,  in  anemia,  389 
in  leukemia,  389 
in  neoplastic  conditions,  389 
inhibition  of  vaccinia  virus  growth, 
390 

inhibitory  powers,  386,  392 
therapeutic  uses,  388,  389 
utilization  by  Tetrahymena  geleii, 

387 

displacers,  structure,  386 
formation,  92,  93 
guanine,  383 
in  coenzymes,  397 
inhibition  of  diamidines,  390 
metabolism,  383 
chart,  383 

methylated,  inhibition  of  histamine, 
52 

nucleus,  382 
sugar  reactions  on,  66 
Purpura,  toxic,  treatment  with  methio¬ 
nine,  120 

Putrescine,  formation  in  urine,  47 
Pyracin(s),  deficiency,  symptoms,  302 
a-pyracin,  301,  309 
/3-pyracin,  301,  309 

Pyrazolone,  1  -phenyl-2,3-dimethyl-4-ami- 
no-5-,  structure,  190 
Pyribenzamine,  53 
structure,  49 
Pyridine 

3-acetyl-,  315,  320 
antagonism  for  tryptophan,  137 
acetylsulfa-,  respiratory  mechanism,  in¬ 
hibition,  85 

2-ethyl-3-amino-4-ethoxymethyl-5-ami- 
nomethyl-,  303 

2-methyl-3-hydroxy-4-dimethylamino- 
methyl-,  303 

2-methyl-3-hydroxy-4-hydroxymethyl-, 

303 

-3-sulfonamide,  315 
2-(pyridine-3-sulfonamide)-,  314 
sulfa-,  317 

bacteriostatic  action,  84 
inhibition  of  nicotinamide,  effect,  85 
sulfonic  acid,  312 
amide,  312 

2-(thiazole-5-carbonic  amido)-,  315 
Pyridoxal,  301 
Pyridoxal  phosphate,  302 
Pyridoxamine,  301 
Pyridoxic  acid,  307 
Pyridoxine,  301 
deficiency,  symptoms,  302 
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Pyridoxine — ( Continued ) 
desoxy-,  302,  304 

lymphosarcoma  and,  308 
phosphorylated,  308 

tyrosine  decarboxylase,  154 
toxicity,  305 
desoxymethyl-,  303 
methoxy-,  303,  304,  306 
structure,  303 
toxicity,  307 

Pyridoxylamino  acids,  303 
Pyrimidine 

5-amino-7-hydroxy- 1  -v-triazolo  (d ) -, 
structure,  386 

analogues 

chemotherapy  and  pharmacology, 
394 

metabolite,  391-396 
structure,  393 

substituent  modification  type,  391 
antagonistic  activity,  thiouracil,  395 
biosynthesis,  384 

2,6-di  ( hydroxymethyl )  -4-hydroxy-5- 
methyl-,  303 
goitrogenic  activity,  395 
2-methyl-4-hydroxy-6-hydroxymethyl-, 
304 

nucleus,  structure,  382 
thio-,  therapy  in  hyperthyroidism,  395 
Pyrithiamine 
activity,  287 
bacterial  resistance,  463 
Pyrophosphate,  tetraethyl-,  25 
Pyrrolidone-carboxylic  acid,  structure, 
161 

Pyruvate,  1 1,  34 

formation  of  acetate,  60 
metabolism,  88 
Pyruvic  acid 

bacterial  decarboxylation,  sulfonamide 
blockage,  87 

2,5-dihydroxyphenyl-,  structure,  143 
p-hydroxyphenyl-,  inhibition  of  dopa 
decarboxylase,  152 
structure,  143 

imidazole-,  histidine  replacement,  175 
pharmacology,  59 
phenyl-,  structure,  143 

Quinimine 

inhibition,  of  guanase,  65 
of  liver  xanthine  oxidase,  65 
Quinizarin,  362,  363 
Quinoline,  8-hydroxy-, 
chelation,  426 

of  metal,  enzyme  in,  structure,  427 
structure,  427 


Quinoline,  3,3'-methylenebis  (4-hydroxv- 
2-)-,  369 

Quinone 

as  riboflavin  antagonist,  297 
inhibition  of  lipases,  63-64 
inhibitory  effect,  24 
Quinone(s) 

formation  by  flavonoids,  44 
hydro-,  inhibition  of  melanin  formation 
154 

3,3'-methylenebis  (2-hydroxy- 1,4- 
naphtho-),  369,  372 
2-methyl-l,4-naphtho-,  360 
a-tocopherol,  373,  374 
Quinoxaline 
di-N-oxides,  363 
sulfa-,  371,  372 

Reaction(s) 
first  order,  2 
order  of,  4 
zero  order,  3 

Relativity,  biological,  8,  471,  476 
Renal 

absorption,  antagonisms,  role,  449 
secretions,  antagonisms,  role,  449 
systems,  biological  antagonists,  449 
transport  mechanisms,  biological  an¬ 
tagonism  in,  448-450 

Rennin 

activity,  212 
in  milk  coagulation,  212 
Resistance 
bacterial,  460 

a-aminosulfonic  acid  in,  463 
pyrithiamine,  463 
drug.  459,  460,  462 
prevention  of,  466 
stability  of,  462 
to  metabolite  analogues,  462 
to  penicillin,  466 

Resistant  strains,  chemicals  producing, 
457,  458,  461,  462 

Resorcinol,  sensitization  to  epinephrine,  40 
Respiration,  of  yeast,  inhibition  by  trypa- 
fiavine,  428 

Rheumatoid  arthritis  ( see  Arthritis) 
Riboflavin 

analogues,  metabolite,  294-299 
antagonists,  antimalarials,  297 
deficiency,  production,  dinitrophena- 
zine,  297 
galactoflavin,  296 
isoriboflavin,  295 
6,7-dichloro-9-d-,  295 

inhibition  of  Staphylococcus  aureus 
growth,  295 
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Riboflavin — ( Continued ) 

6,7-dimethyl  modification,  295 
displacers,  structure,  295 
enzymes  and  antagonists,  298 
functions  in  enzyme  systems,  294 
pharmacology  of  antagonists,  298 
ring  modification,  297 
structure,  294,  295 
9-sugar  moiety  modification,  296 
Riboside(s),  desoxy-,  vitamin  Bi2  and,  352 
Rickets,  strontium,  423 
Rubidium,  activity,  419,  420 

Saccharase 
taka,  15 
yeast,  15 

Saccharic  acid,  16 
Saccharomyces  cerevisiae 

activity  of  amino  acids  on,  232 
inhibition  of  growth  by  /3-2-thienyl-DL- 
alanine,  146 

Salicylate 

analgesic  activity,  238-239 
antagonism  with  pantoyltaurine,  238, 
239 

as  bacterial  growth  inhibitor,  238 
bacterial  resistance  and.  466 
inhibitory  activities,  general,  65 
pantothenic  acid  inhibitor,  238 
Salicylic  acid 
5-chloro-,  365 
3,5-dichloro-,  365 
hypoprothrombinemia  and,  365 
Salt(s) 

divalent,  toxicity  for  bacteria,  419 
monovalent,  toxicity  for  bacteria,  419 
Sarcoma 

experimental  animals,  effect  of  sulfonic 
acid  analogues,  114 
inhibition  by  4-amino-N  10-methyl- 
pteroylglutamic  acid,  276 
Rous  chicken,  folic  acid  reaction,  273 
growth,  inhibitors,  table,  274 
Scurvy 

effect  of  desoxycorticosterone  on,  403 
symptoms,  inhibition  by  cortisone 
403 

Scyllitol,  350 
Selenium 

methionine  displacing  agent,  formation, 
126 

poisoning,  in  cattle,  126 
toxicity,  neutralization  by  methionine 
126 

Serine,  342 
formation,  161 

inhibition  of  indole  formation,  138 


Serine — ( Continued ) 

phenyl-,  inhibition  of,  bacterial  growth, 
151 

phenylalanine  activity,  151,  152 
structure,  152 
toxicity,  151,  152 
phosphatidyl,  structure,  196 
structure,  107,  342 
toxicity,  experimental  animals,  105 
neutralization,  105 
Sex 

determination,  relation  of  cis-  and  trans¬ 
isomers,  408 

hormones,  in  cancer  therapy,  402 
effect  of  folic  acid  on,  403 
perversion,  etiology,  409,  476 
Shock 

anaphylactic,  d-catechin  prevention  by, 
44 

prophylaxis,  experimental  animals, 
52 

modification,  47 

post  delivery,  hepatorenal  syndrome, 
with  methionine,  120 
Sodium  iodoacetate 
inhibitory  powers,  28 
Sodium  ion(s) 

inhibition  of  brain  glycolysis*  422 
Sol(s),  colloidal,  precipitation,  414 
Sorbitol-mannitol-oleic  acid  ester 

inhibition  of  Clostridium  welchii  lecith- 
inase,  195 

Soybean 

growth  inhibitors,  127 
inhibitor  effect  on  growth,  214 
proteins,  nutritive  value,  214 
inhibition  of  trypsin,  214 
Specificity 
absolute,  1 
relative,  1 
stereochemical,  1 

Spermatogenesis,  inhibition  by  insufficient 
arginine,  174 
Spermidine,  439-440 
propamidine  and,  439 
structure,  438 
Spermine,  439-440 

antagonism,  competitive  with  histamine 
44 

in  reproduction,  47 
inhibitory  powers,  439 
structure,  45,  438 
Sphingomyelin 
structure,  196 
Sprue,  folic  acid  in,  254 
Staphylococcus  aureus 
action  of  sulfonamides  on,  138 
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Staphylococcus  aureus — ( Continued ) 
activity,  inhibition  by  pteridines,  263 
effect  of  tryptophan  on,  138 
growth,  ethionine  effect,  120 

inhibition  by  6,7-dichloro-9-D-ribo- 
flavin,  295 

inhibition,  by  glutamic  acid  analogues, 
165 

by  5-methyltryptophan,  138 
sulfonamide  resistant  and  susceptible, 
88 

Stearic  acid 
dihydroxy-,  371 
formation,  lecithinase  B  in,  195 
Steric  hindrance,  14 
Steroid(s),  antagonisms,  399-411 
Sterol(s) 

inhibition,  of  hemolytic  action  of  digi- 
tonin,  199 

of  pertussis  hemagglutinin,  199 
Stigmasterol,  structure,  198 
Stilbestrol 

diethyl-,  inhibition  of  succinoxidase  sys¬ 
tem,  403 
structure,  401 
in  prostatic  carcinoma,  402 
Strepogenin,  activity,  169,  170 
Streptidine,  349,  351 
Streptococci,  inhibition,  165,  166 
Streptococcus 

growth,  effect  of  pantothenic  acid  dis¬ 
placers,  229 

strains,  sulfonamide  resistance,  96 
Streptococcus  faecalis 

activity  of  dehydroisoandrosterone  on, 
403 

growth,  inhibition  by  phenylserine, 
151 

inhibition,  by  4-aminopteroylglutamic 
acid,  table,  255 
by  /3-aspartylhydrazine,  169 
Streptococcus  hemolyticus 

activity  of  Di-/3-(N-pantoylamino- 

ethyl )  -p-aminophenylsulfone 
on, 241 

activity  of  pantoyltaurine  against,  241 
Streptomycin,  lipositol  and,  351 
Strychnine 

antagonism  to  barbiturates,  61 
structure,  57 
Succinate 

antidote  for  mescaline,  human,  63 
di-o-cresyl-,  373 

sodium,  analeptic  action  in  barbiturate 
poisoning,  58-59 
tri-o-cresyl-,  373 
Succinic  acid,  7-9 


Succinic  acid — ( Continued ) 

activation  of  choline  acetylase,  28 
alkyl,  7 

analeptic  action  in  barbiturate  poison¬ 
ing,  58,  59 
dehydrogenase,  6, 7 
dehydrogenating  bacteria,  88 
meso-diamino-,  antagonism  for  aspar¬ 
tic  acid,  169 
structure,  167 

oximino-,  in  formation  of  aspartic  acid, 
162 

role  in  Kreb’s  cycle,  7 
structure,  7 

Succinic  dehydrogenase,  6-10 
inhibition,  10 
narcotic  insensitivity,  61 
resistance  to  morphine,  61 
Succinoxidase  system,  8 

inhibition  by  diethylstilbestrol,  403 
Sucrose  phosphorylase,  16 
Sugar(s) 

displacement  power,  15 
effect  on  purines,  66 
nonfermentable,  bacterial  response,  464 
pharmacology,  66 

Sulfadiazine,  growth  inhibitor  effect,  96 
Sulfanilamide 

inhibition  of  carbonic  anhydrase,  65 
structure,  80 

Sulfate,  epinephrine  inactivation,  67 
Sulfathiazole 

counteraction  of  methylfolic  acid,  94, 
255 

inhibition  of  carboxylase  activity,  84 
reversal  of  inhibition,  by  glucose  and 
tryptophan,  88 
by  pteroic  acid,  95 

sodium,  antagonism  with  nicotine,  66 
succinyl-,  inhibition  of  lactic  dehydro¬ 
genase,  88 

therapy,  toxicity,  humans,  79-80 
Sulfhydryl 

in  arsenic  resistance,  460 
inhibitors,  9,  445 

interaction  with  heavy  metal  chemo¬ 
therapeutic  agents,  445 
Sulfoesterase,  39 
Sulfonamide(s),  78-100 
action  types,  317 

activity,  effect  on  tryptophan  synthesis, 
242 

prevention  by  pantothenic  acid,  242 
aminobenzoic  acid  and,  78 
p-aminobenzoic  acid  reversal,  97 
antagonism,  of  pteroylglutamic  acid  to, 
89,  90 
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Sulfonamide  (s) — ( Continued ) 
antagonism — ( Continued ) 

to  folic  acid  synthesis,  33,  259 
antagonists,  secondary,  81,  93 
antibacterial  action,  displacement,  232 
as  p-aminobenzoic  acid  antagonist,  85, 
86 

bacterial  susceptibility,  81 
bacteriostatic  action,  85 
blockage,  by  thymine,  93 
carboxylase  inhibition,  84 
counteraction  by  arginine,  179 
cross  resistance,  460,  461 
detoxication,  67 

displacement  of  p-aminobenzoic  acid, 
100 

effect  on  procaine,  64 
enzymatic  activity,  effect,  85 
ethionine,  bacteriostasis,  121 
glucose  metabolism  blockage,  86 
glucuronide  formation,  67 
goitrogenic  activity,  395 
hydrogen  transfer,  block,  87 
p-hydroxylaminobenzene-,  structure,  80 
inhibition,  p-aminobenzoic  acid,  79,  129 
by  amino  acids,  98,  99 
by  catechin,  89,  99 
by  methionine,  83,  100,  129 
by  nucleic  acid  derivatives,  99 
effect  on  synthesis  of  tryptophan  by 
Staphylococcus  aureus,  86 
of  dehydrogenases,  88 
of  glutamic  acid,  88 

inhibitors,  action,  in  vitro  and  in  vivo, 
81 

counteraction,  80 
secondary,  81 
table,  82-83 

interference,  with  p-aminobenzoic  acid 
269 

with  pteroylglutamic  acid,  269 
mechanism  of  action,  87,  88 
methionine  effect  on,  127 
multiple  inhibitory  activities,  85 
nicotinic  acid  and,  317 
prevention  of  methionine  synthesis,  127 
pyridine,  313,  315 
resistance,  86,  463,  465 
prevention,  methionine,  84 
pteroylglutamic  acid  synthesis  and 
96 

streptococcus  strains,  96 
similarity  to  benzimidazole  action,  385 
synergism,  with  ethionine,  129 
with  urea,  81 

therapeutic  use  against  Staphylococcus 
aureus,  138 


Sulfonamide  (s) — ( Continued ) 
toxicity,  98 

p-aminobenzoic  effect,  97 
use  in  Neurospora  metabolism,  88 
vitamin  B12  and,  353 
Sulfone 

4-aminophenyl-5-sulfonamido-2- 
pyridyl-,  317 
biotin,  323,  329 
homobiotin,  328 
-oxybiotin,  328 
norbiotin,  328 

di-/3-(N-pantoylaminoethyl )  -p-amino- 
phenyl-,  activity  against 
Streptococcus  hemolyticus, 
241 

oxybiotin,  328 
pyridyl,  derivatives,  320 
Sulfonic  acid 

amino-,  reduction  of  inhibition,  114 
a-aminoethane-,  113 

in  bacterial  resistance,  463 
inhibitory  powers,  113 
isobutane-,  114 

phenylmethane-,  activity,  113,  153 

1.1- aminopropane-,  inhibitory  powers, 

114 

analogues  of  amino  acids,  effect  on  sar¬ 
coma,  experimental  animals, 
114 

1.2- ethanedi-,  8 
oxybiotin-,  335 
n-pentane-l,5-di-,  330,  334 
pyridine,  314 

Sulfonium  cation(s),  antagonism  for 
ethylenimonium,  65 
Sulfopropionic  acid,  /3-,  8 
Sulfoxide 

butylhomocysteine  and  homologues,  164 
methionine,  164 

Sulfur  compound(s),  antagonism  of 
p-aminobenzoic  acid,  79 
Sympathetic  nervous  system,  3 1 
Sympatholytic(s),  interaction,  41 
Sympathomimetic  agent(s) 
amines,  antagonisms,  42 
classification,  38 
inactivation,  38 
Synephrine,  structure,  39 

T4  bacterial  virus,  activation,  206 
Tachyphylactic  phenomena  in  pteroyl¬ 
glutamic  acid  displacers,  phar¬ 
macology  of,  262 

I  aka  saccharase,  inhibition  by  a-glucose, 
Tapenolysis,  41 
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Tartaric  acid 
structure,  D-,  191 
L-,  191 
meso-,  191 
Tauramide 

pantoyl-,  -4-chlorobenzene,  activity,  ma¬ 
laria,  246 

effect  on  Plasmodium  gallinaceum 
growth,  243 
in  malaria,  action,  247 
inhibition  of  bacterial  growth,  226 
structure,  235 
Taurine 

homopantoyl-,  activity,  237 
structure,  235 
pantoyl-,  28,  462,  466 
activity,  229 
in  vivo,  240 

amides,  activity  against  Streptococcus 
hemolyticus,  241 

displacement  of  pantothenate,  236 
in  pantothenic  acid  deficiency,  241 
inhibition,  of  bacterial  growth,  230 
of  pantothenate  inactivation,  230 
of  Proteus  morganii,  229 
inhibitory  powers,  226 
^-methyl-,  238 
structure,  235 

synergism  with  salicylates,  239 
TEA  (see  Ammonium,  tetraethyl-) 
Tension 

interfacial,  determination,  413 

electrolyte  concentration  influence, 
table,  413 

Teropterin 

as  folic  acid  antagonist,  277 
therapy,  in  carcinoma,  277 
in  Hodgkin’s  disease,  277 
in  leukemia,  277 
Testosterone 

in  mammary  cancer,  402 
inhibition,  by  estradiol,  402 
of  estrogens,  401 
of  estrus  cycle,  402 
structure,  401 

Tetanus  toxin,  effect  on  muscle,  205 
Tetraethylammonium,  30 
Tet rahy menu  geleii,  utilization  of  2,6-di- 
aminopurine,  387 
Thallium,  toxicity,  126 
Thebaine,  activity,  61 
Thenylene,  53 
Theobromine,  371 

effect  on  cholinesterase,  24 
pharmacology,  52 
Theophylline,  371 
diuretic  action,  388 


Theophylline — (Continued) 
pharmacology,  52 
structure,  48 
Thephorin,  53 
structure,  51 

Therapeutic  interference,  440 
Thiaminase,  291-292 
Thiamine  (see  also  Vitamin  Bi) 
activity,  286 

analogues,  enzymes  and,  290 
metabolite,  286-293 
pyrimidine  moiety  modification,  289 
thiazole  moiety  modification,  287 
antagonism,  to  cocarboxylase,  59 
with  nicotine,  66 
butylpyrimidine  analogue,  290 
deficiency,  2-n-butylpyrimidine  homo- 
logue,  290 

in  etiology  of  Chastek  paralysis,  287 
symptoms,  286 

effect,  on  barbiturate  anesthesia,  59 
on  histamine  metabolism,  55 
inhibitory  action,  on  histidine  decar¬ 
boxylase,  44 

pyrithiamine  antagonists,  43 
structure,  57,  286 

synthesis,  inhibition  by  atabrine,  291 
Thiazol-2-one,  4-methyl-5-a>-carboxyl-n- 
pentyl-,  329 

Thiazole-5-carbonic  acid  amide,  315,  317 
Thiazolium,  3-(o-aminobenzyl)-4- 

methyl-,  chloride-hydrochlo¬ 
ride,  structure,  288 
Thienylalanine,  44 
Thiolprive(s),  444-448 
structures,  444 

Thiothymine,  inhibitory  powers,  392 
Thiouracil 
activity,  392 

antagonism  to  uracil,  394 
antipyrimidine  activity,  392 
displacement  activity,  391,  392 
goitrogenic  activity,  395 
4-methyl-,  inhibitory  powers,  392 
structure,  393 
Threonine,  structure,  107 
Thymidine 

effect,  on  aminopterin  inhibitory  pow¬ 
ers,  261 

on  CF  factor  requirement,  92 
on  methylfolic  acid  inhibitory  pow¬ 
ers,  261 

folinic  acid  potency,  increased  by,  92 
sulfonamide  blockage,  93 
Thymine 

activity,  table,  394 
formation,  92 
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Thyroglobulin,  inhibition  by  2',6'-diiodo- 
thyronine,  405 

Thyronine 

2',6'-diiodo-,  inhibition  of  thyroglobu¬ 
lin,  405 
structure,  188 
Thyroxine 

antagonism  of  dibromotyrosine  to,  405 
antagonists,  404-408 
chart,  407 
structures,  406 
displacers,  399—411 
hapten  activity,  189 
inhibition  by  3,5-diiodoanisaldehyde 
dimethylacetal,  405 
inhibitors,  testing  methods,  405 
O-methyl-N-acetyl-DL-,  structure,  406 
structure,  188,  406 

Tissue  selectivity  (see  also  Nervous  Sys¬ 
tem,  brain,  tissue),  66 
a-Tocopherol,  374 
antagonists,  373 

di-o-cresylsuccinate,  373,  374 
fish  liver  oils  and,  373 
tri-o-cresylphosphate,  373,  374 
Tolerance 
cross,  457 
drug,  67,  456,  457 

significance  of  substituted  phenyl  radi¬ 
cal  and  other  factors,  458 
Toxemia,  treatment  with  methionine,  120 
Toxin(s) 

activity  mechanism,  203 
enzymatic  action,  195,  197,  205 
Trace  elements,  in  bacterial  nutrition, 
426 

Transaminase,  160,  308 
Transmethylation,  339,  343 
effect  of  methionine,  118 
pteroylglutamic  acid,  346 
reactions,  inhibition  by  ethionine,  123 
sulfocholine,  346 
vitamin  Bi2  and,  352 
T ransphosphorylase ( s ) ,  activity,  16 
Triazolo(d)  pyrimidine,  5-amino-7-hy- 
droxy-,  interference  with 
nucleic  acid,  396 
Tricarballylic  acid,  8 
Tricarboxylic  acid,  7 

Trichomonas  vaginalis,  effect  of  panto¬ 
thenic  acid  displacers,  247 

Trichomoniasis,  247-248 
Triglyceride(s),  hydrolysis  rates,  13 
Triphosphopyridine  nucleotide,  312 
Trypaflavine 

inhibition  of  respiration  by,  428 
structure,  442 


T  rypaflavine — (Continued) 

trypanocidal  action,  parafuchsin,  activ¬ 
ity  against,  440 
Trypanosome(s),  457 

decreased  absorption  of  drugs  by,  460 
development  of  drug  fastness,  459 
resistance  to  acriflavine,  458 
to  arsacetin,  458 
to  atoxyl,  458 
to  stibenyl,  458 
to  tryparsamide,  458 
Trypsin 

antagonism  of  urease  to,  214 
formation  from  trypsinogen,  214 
inhibition,  by  ovomucoid,  215 
by  soybean  factor,  214 
of  growth  by  trypsin  inhibitors,  215 
inhibitor  activity,  trypsin  antibodies, 
211-212 
toxicity,  212 

Trypsinogen,  transformation  to  trypsin, 
214 

Tryptamine,  structure,  132 
Tryptophan 

3-acetylpyridine,  effect,  137 
activity  upon  phenylserine,  151 
analogues,  131-159 

adsorption  of  viruses,  133 
chemotherapy,  and  pharmacology, 
138 

enzymatic  aspects,  137 
ring  modification,  134 
ring  substitution,  132 
side  chain,  135 
table,  133,  135 
bacterial  growth,  effect,  132 
conversion  to  nicotinic  acid,  138 
displacement  by  indoleacrylic  acid, 
153 

effect  on  Staphylococcus  aureus,  138 
5-fluoro-DL-,  134 
DL-homo-,  activity,  137 
structure,  139 
synthesis,  137 

inhibition,  by  acrylic  acids,  137 
by  methylated  tryptophans,  137 
by  sulfathiazole,  88 
metabolism,  131-132,  137-138 
2-methyl-,  structure,  139 
5-methyl-,  activity,  virus  adsorption 
133 

inhibition  of  dopa  decarboxylase 
153 

inhibitory  powers,  132-133 
structure,  139 

therapeutic  use,  against  Staphylococ¬ 
cus  aureus,  138 
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T  ry  ptophan —  ( Continued) 

6-methyl-,  134 

methylated,  effect  on  Escherichia  coli 
growth,  134 

inhibition  of  tryptophan  synthesis,  137 
protein  synthesis  activity,  134 
nutrient  qualities,  134 
putrefaction  products,  131 
pyridoxine  and,  132 
L-,  requirements  in  man,  132 
structure,  131 
synthesis,  86,  137,  140 

effect  on  sulfonamide  action,  242 
from  indole,  302 

inhibition  by  indoleacrylic  acid,  135 
obstruction  by  indoles,  137 
toxicity,  experimental  animals,  105 
utilization,  131 
Tryptophanase,  138 
Tubercle  bacillus 

growth,  effect  of  /3-trisubstituted  propi¬ 
onic  acids,  448 

susceptibility  to  /3-3-thienylalanine,  147, 
148 

Tubocurarine 

antagonism  with  prostigmine  homo- 
logues,  66 

D-,  antagonism  with  decamethylene- 
bis-(trimethylammonium  bro¬ 
mide),  66 

Tumor(s) 

cell  growth,  folic  acid  deficiency  effect, 
277 

fibroid,  induction,  progesterone  and  es¬ 
trogens  in,  400 

growth,  retardation  by  guanazolo,  389 
inhibition  of  growth,  by  acridines,  390 
plant,  folic  acid  antagonists,  use,  277 
Tyramine 

blood  pressure  effect,  144 
formation,  144 

in  gastrointestinal  tract,  155 
hydroxy-,  conversion  from  dihydroxy- 
phenylalanine,  144 
structure,  143 
oxidation,  by  rat  liver,  34 
Tyrocidine,  108 

D-glutamic  acid  in,  161 
Tyrosinase,  145 

inhibition,  37,  145,  154 
by  antibodies,  213 
by  molybdenum,  154 
by  phenylthiocarbamate,  428 
by  phenylthiocarbamide,  154 
by  /3-2-thienylalanine,  37 
Tyrosine 

N-acetyldiiodo-,  ethers,  activity,  404 


I  yrosine — ( Continued ) 

N-acetyldiiodo - ( Continued) 

p-nitrophenylethyl  ether  of,  struc¬ 
ture,  406 

analogues,  chemotherapy  and  pharma¬ 
cology,  155 
enzymatic  aspects,  153 
metabolite,  152 
ring  modification,  146 
side  chain,  151 
table,  147,  150,  151 

counteraction  of,  /3-2-thienylalanine, 
148 

toxicity  by  cystine,  157 
deamination  by  L-amino  acid  oxidase, 
145 

decarboxylase,  308 

inhibition  by  desoxypyridoxine,  phos- 
phorylated,  154 

diazotization  product,  of  atoxyl  and 
structure,  188 

3,5-difiuoro-DL-,  inhibition,  ratios,  149 
toxicity,  149 

diiodo-,  antagonism  to  thyroxine,  405 
in  hormone  formation,  144 
structure,  188 

2- fluoro-,  toxicity,  149 

3- fluoro-,  toxicity,  149 

4- fIuoro-,  toxicity,  149 
3-fluoro-5-iodo-,  toxicity,  149 
fluorinated  derivatives,  toxicity,  149 
formation  from  phenylalanine,  142 
halogenated  derivatives,  149 
hypertension  effect,  155 

in  hormone  formation,  144 
inhibition  of  Escherichia  coli  growth,  153 
metabolism,  37,  142,  155 
N-methyl-,  astringent  qualities,  145 
structure,  152 
oxidase,  inhibitors,  37 
oxidation,  from  phenylalanine,  154 
to  dopa,  154 
poisoning,  144 
structure,  142,  143 
toxicity,  105,  107-108,  157 
counteraction,  32 

Tyrosinosis,  144 

Uracil 

antagonism,  benzimidazole  to,  394 
of  barbituric  acid  to,  394 
thiouracil  to,  394 
antagonists,  393 

5- chloro-,  structure,  393 
structure,  393 

Urea 

bacteriostatic  action,  8 1 
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Urea — ( Continued ) 

counteraction  of  sulfonamide  inhibitors, 
80 

formation,  arginine  in,  173 
synergism  with  sulfonamides,  81 
Urease,  14 

antagonism  to  trypsin,  214 
effect  on  antibody  formation,  212 
toxicity,  212 
Ureidoglutaric  acid,  15 
Urethane,  ethyl-,  depressive  action  on 
metabolism,  63 
Urocanic  acid,  structure,  176 
Uterus,  hormone  effect  of  ovariectomy, 
403 

Valeric  acid 

a-amino-,  inhibition  of  arginine,  181 
structure,  180 
imidazolidone-,  329,  336 
3-(2,3-ureylenecyclohexyl)-,  336 
S-(3,4-ureylenecyclohexyl)-,  329,  336 
Valerolactone,  /3-hydroxy-7,  7-dimethyl-, 
237 

Valine 

growth  retardation,  by  Escherichia  coli, 
108,  109 

of  Lactobacillus  arabinosus,  108, 
109 

structure,  107 
toxicity,  leucine,  effect,  105 
Vascular  system,  feline,  histamine  sensi¬ 
tivity,  effect  of  histidine,  49 
Vinylene  amino  acids,  antibacterial  ac¬ 
tion,  114 

Virus  (see  also  name  of  virus ) 
adsorption,  133 

D,L-5-methyltryptophan  activity,  133 
chemotherapy,  purine  and  pyrimidine 
analogues,  382 
disease,  chemotherapy,  133 
hemagglutination,  inhibition  by  ovarian 
polysaccharide  cyst.  199 
inactivation,  mechanical,  207 
influenza  (see  Influenza  virus) 
interference  phenomena,  205-210 
lymphogranuloma  venereum,  nonantag¬ 
onism,  p-aminobenzoic  acid, 
96 

molecular  weight,  205,  206 
psittacosis,  antagonism,  p-aminobenzoic 
acid  and  sulfadiazine,  96 
pteroylglutamic  acid  p-aminobenzoic 
acid-sulfonamide  interrela¬ 
tionship,  96 

sulfadiazine  susceptibility,  96 
vaccinia,  growth  in  chick  embryo  tis- 


Virus — (Continued) 

psittacosis — (Continued) 

sues,  metabolite  analogues  ef¬ 
fect,  114 

Vitamin  A 

antagonists,  374 

xanthophyll,  374,  375 
hypoprothrombinemia  and,  371 
induction  of  hemorrhages  by,  371 
intestinal  synthesis  and,  371 
Vitamin  Bi  (see  also  Thiamine) 
analogues,  metabolite,  activity,  140 
barbiturate  reaction  effect,  59 
complex,  metabolism,  inhibition,  475 
deficiency,  anesthetic  effect,  59 
Vitamin  Ba  antagonists 
chemotherapy  and,  308 
enzyme  studies,  307 
microorganisms,  302 
modes  of  action,  309 
pharmacology  and,  308 
reproduction  and,  306 
ring  change  type,  304 
studies  with  animals,  304 
substituent  change,  302 
toxicity,  305 
in  man,  306 

tryptophan  metabolism  and,  307 
viruses  and,  308 

Vitamin  B«  general  background,  301 
Vitamin  B0  metabolite  antagonisms,  301 
Vitamin  B12,  351 
antagonisms,  353 
antibiotics  and,  352 
atabrine  and,  353 
choline  and,  352 
cobalt  chelation,  352 
cobalt  complex,  352 
desoxyribosides  and,  352 
folic  acid  and,  353 
general,  352 

in  pernicious  anemia,  278 
ion  antagonisms  and,  353 
pernicious  anemia  and,  353 
sulfonamides  and,  353 
transmethylation  and,  352 
Vitamin  Bi2„,  352 
Vitamin  Bi2b,  352 

Vitamin  balance,  effect  on  amino  acid  an¬ 
tagonism,  108 

Vitamin  C  (see  also  Ascorbic  acid) 
barbiturate  response  of  animals,  effect 
59 

effect  on  barbiturate  depression,  59 
Vitamin  deficiencies 
cellular  reaction,  242 
effect  on  infections,  462 
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Vitamin  deficiencies — (Continued) 
physiological  reactions,  242 
production,  pantoyltaurine  in,  241 
Vitamin  effect(s),  on  drugs  for  nervous 
system,  66 
Vitamin  H,  322 
Vitamin  K  antagonists 
antibiotics,  365 
dihydroxystearic  acid,  371 
ring  modification  type,  362 
substituent  modification  type,  364 
sulfaquinoxaline,  371 
antibacterial  action,  361 
antimalarials,  364 
bacterial  growth  factors,  361 
bile  and,  361 
clinical  applications,  362 
coagulation  and,  361,  365 
enzymes  and,  362 
general,  360 

intestinal  synthesis,  361,  371 
iodinin,  362 
specificity,  361 
vitamin  A  and,  371 
Vitamin  P 

antagonists,  377 

substance,  formation  by  epinephrine 
oxidation,  38 

Vitamin  requirement  (s),  streptococcus 
strains,  96 

Weight  gain,  inhibition  by  /3-3-thienylal- 
anine,  153 

Weight  loss,  ethionine  diets,  121 
West  Nile  virus,  208 

Wound  healing,  promotion  by  methionine, 
120 

Xanthine 

antagonism  to  sulfonamides,  94 


Xanthine — ( Continued ) 

methylated,  bishydroxycoumarin  rever¬ 
sal  and,  371 

oxidase,  inhibition  by  pteroylglutamic 
acid,  synthetic,  260 

oxidation,  inhibition,  by  pteridines 
267 

by  quinimine,  65 
Xanthophyll,  374,  375 
Xanthopterin 

diabetogenic  activity,  395 
effect  on  cell  proliferation,  bone  mar¬ 
row,  268 

in  cancer  chemotherapy,  268 
in  hematopoiesis,  267 
oxidation,  inhibition,  by  pteridines, 
267 

pharmacology,  267 
therapy,  in  anemia,  267,  268 
Xanthurenic  acid,  structure,  132 

Yeast 

alcohol  dehydrogenase,  inhibition  by 
iodoacetate,  10 

dipeptidase,  dopa  activation,  145 
invertase,  inhibition,  64 
oxidation,  inhibition  by  fluoroacetate, 
12 

production  CO-,  inhibition  by  acrifla- 
vine,  441 

Yellow  fever  virus,  activity,  207,  208 
Yohimbine,  pharmacology,  42 

Zein,  agenized,  124 
Zinc 

poisoning,  anemia,  therapy,  424 
toxicity,  copper  effect,  424 
Zirconium,  in  control  of  radio  element 
poisoning,  424 
Zones  of  behavior,  27 
Zymoid(s),  2 1 1 
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